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ABSTRACT
INVESTIGATING THE BREAK IN THE CEPHEID
PERIOD-LUMINOSITY RELATION AND ITS IMPLICATIONS
MAY 2005
CHOW-CHOONG NGEOW
B.Sc, OHIO STATE UNIVERSITY COLUMBUS
M.Sc, UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Shashi Kanbur
The Cepheid period-luminosity (PL) relation is a major component in the distance scale lad-
der. This relation has been considered to be linear (within period ranges of ~ 2 to ~ 100 days)
and universal (i.e., metallicity independent) for a long time. However, recent work has strongly
suggested that the PL relation for the Large Magellanic Cloud (LMC) Cepheids is non-linear with
a discontinuity at 10 days. In addition, the LMC period-color (PC) relation is also shown to be
non-linear. Besides this, the Cepheid PL relation could also be non-universal. The aim of this
Thesis Dissertation is to investigate these two problems of the Cepheid PL relation, in particular to
examine the non-linearity of the LMC PL relation and its implications in the distance scale studies,
as well as for the stellar structure, pulsation and evolution.
The works for this Thesis Dissertation involve both the empirical and statistical analysis of the
existing Cepheid data in different metallicity environments (Galactic, LMC and SMC) to characterize
the break of the PL and PC relations, and the construction of stellar pulsation models using existing
pulsation codes in attempt to understand the physics behind the break in the LMC PL and PC
relations. The universality of the Cepheid PL relation is also studied with similar approaches. These
works include: (a) developing the Fourier techniques to improve the Cepheid light curve fitting
method; (b) testing the non-universality of the PL relation by comparing the Cepheid distances
to HST observed galaxies with the Galactic and LMC PL relations and the statistical test of the
vi
consistency of Galactic and LMC PL relation; (c) analyzing empirically and statistically for the
non-linear PL, PC and AC (amplitude-color) relations for the Galactic, LMC and SMC Cepheid at
maximum, mean and minimum light; (d) investigating the effect of non-linear PL relation in distance
scale studies; and (e) constructing the Galax:tic and LMC models with the stellar pulsation codes in
attempt to account for the non-linear and/or non-universal Cepheid PC and PL relations.
vii
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CHAPTER 1
INTRODUCTION
The aim of this Thesis Dissertation is to investigate the observed non-Hnearity or the break in
the Cepheid period-luminosity (PL) relations seen in the Large Magellanic Cloud Cepheids, and its
implications for the distance scale applications and the stellar structure, pulsation and evolution.
The work involved in this thesis project includes data collecting and analysis to further characterize
the breaks, and pulsation modeling to understand the possible physical reasons behind such breaks
in Cepheid PL relations. This chapter first presents a brief introduction to the Cepheid variables
and their applications in astrophysics, followed by some discussion of the PL relation, including the
evidence that suggests the existence of the break in PL relations, and the motivations to study this
newly discovered phenomenon. The chapter concludes with the outlines of this Thesis Dissertation.
1.1 The Cepheid Variables
Cepheid variables are intrinsically pulsating stars named after their prototype, 6 CEP, which
waa discovered by Goodricke in 1786 (see, e.g., Dewhirst & Hoskin 1997). The visual brightness
of the Cepheid variables (hereafter Cepheids) varies periodically within days, which can goes up to
~ Imag. This variation of the brightness is caused by the intrinsic radial pulsation of the stars. The
period of the pulsation typically ranges from few days to about 3 months.
The changes of the Cepheid's brightness can be characterized by its light curve. The shape of the
Cepheid light curves are skew-symmetric, with a sharp increase from minimum light to maximum
light, then follow by a shallow decline back to the minimum. Sometimes, there is a secondary
maximum (or "bump") located either on the ascendant or descendant branch of the light curve,
which is known as the Hertzsprung progression (see Bono et al. 2000a and reference therein). In
addition, the amplitudes of the light curve is larger in the visual bands (U, B, V, R, I) and decrease
toward the infrared bands (J, H, K), as illustrated in Strohmeier (1972) and Madore k, FVeedman
(1991). Figure 1.1 shows some examples of the V and I band light curves for the Galactic Cepheids.
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Figure 1.1 -Some examples of the Cepheid light curves in V and I bands. The dots are observeddata from Moffett & Barnes (1984), after folded with corresponding periods. The curves are fittedhght curves usmg Fourier expansion techniques (see Chapter 2.2). The light curves for prototype
Cepheid, 6 CEP, are shown in upper-left panel.
Cepheids are yellow supergiant stars that populated in the upper-right region of the Hertzsprung-
Russell (H-R) diagram. The yellowish color of Cepheids implies that the temperature of Cepheids is
close to Solar, which is about 5500K. The term "supergiant" indicates that Cepheid is much more
luminous and larger in size than the Sun. Table 1.1 summarized the ranges of the parameters for
Cepheids, which are adopted from various sources (e.g., Strohmeier 1972; Cox 1980).
Table 1.1 -The ranges of the fundamental parameters for classical Cepheids.
Parameter Ran ere
Period (days) ~ 1 - ~ 100
Mass (Mq) ~3- ~ 15
Mean Luminosity (Lq) ~300- ~ 45000
Effective Temperature (K) ~ 4500 - ~6500
Mean Radius (Rq) ~ 15 - ~ 200
Absolute V Magnitude (mag.) ~ -0.5 - ~ —8
V Band Amplitude (mag.) ~0.3 - ~ 1.2
Radial Velocity Amplitude {km/s) ~ 30 - ~ 60
Spectra Type F6- K2
Age (yrs) ~ 10^ - ~ 10«
In terms of stellar evolution, Cepheids are young massive (>few Mq) stars that evolve away from
the main-sequence and when they are in the instability strip - a region in the H-R diagram bounded
by the blue (hot) and red (cool) edges where the stars pulsate - then the envelope of the stars
2
becomes unstable and the stars begin to pulsate. After leaving the main-sequence, these stars burn
the hydrogen in a shell above the helium core and move across the H-R diagram nearly horizontally
from hot to cool temperature, at the same time expand the radius to > 15R^. In this phase, they
cross the instability strip for the first time, known as the first crossing. After the triple-alpha process
ignited at the end of the first crossing, the interior of the stars begins to burn helium in the core
and the hydrogen in the shell, and the stars will exhibit a loop, known a. the blue loop, in the H-R
diagram. This blue loop crosses the instability strip for the second and third times. These crossings
are summarized in Figure 1.2. The time scale for a 3.5Me Cepheid to stay in the instability strip
at the first, second and third crossings is ~ 7 x lO^yrs, ~ 2 x lO^yrs and ~ 4 x lO^yr., respectively.
While for a ISMq Cepheid, these time scales are ~ 3 x lO^yrs, ~ 1 x lO^yrs and ~ 6 x lO^yrs,
respectively (Bono et al., 2000c). More detailed descriptions of the evolution of Cepheids can be
found, e.g., in Iben (1967) and Bono et al. (2000c).
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Figure 1.2 -The schematic evolution of Cepheids (after main-sequence) in H-R diagram. The instar
bility strip is indicated with the dashed lines. The first crossing for the massive stars through the
instability strip is from point A (leaving main-sequence) to point B (where the triple-alpha process
begins). Then these stars undergo a loop (the blue loop) that pass through the instability strip for
the second and third times. These stars become Cepheids when they are in the instability strip.
The curve that running from upper-left to lower-right corner is the main-sequence, and the location
of the Sun in H-R diagram is also indicated.
There are other pulsating variables carrying the name of "Cepheid" or similar to it, which should
not be confused with the classical (Type I) Cepheids (classified as DCEP in General Catalogue of
3
Variable Stars [GCVS], Kholopov et al. 1998) we considered in this Thesis Dissertation. In fact,
the term "Cepheid" was once used in describing the regular or semi-regular pulsating stars, which
include P Cephei, classical Cepheid, RR Lyrae and RV Tauri stars (Campbell & Jacchia, 1941).
However, this general classification was broken down to different classes in the GCVS (Sterken,
1996). They are listed as follow (see, e.g., Strohmeier 1972; Feast 1996; Sterken 1996; Becker 1998):
.
Type II Cepheid: Also known as W Virginis variables. The period-luminosity (PL) relation
for these old Population II variables is parallel to the classical (Population I) Cepheids, but
fainter by ~ l.Smag. in V-band (or four times fainter in luminosity). The mass for these
variables are also lower than Type I Cepheids. They are classified as CW in GCVS.
.
Dwarf Cepheid: Also known as 5 Scuti or AL Velorum variables. Typically periods for these
Population I variables are about 1 to 5 hours. Their V-band amplitudes are generally less than
0.3mag. They located near the main-sequence in H-R diagram but well within the instability
strip. They are classified as DSCT in GCVS.
• (3 Cephei: Also known as (3 Canis Majoris variables. This is high mass variables with high
surface temperature (spectra type of 08-B6). The pulsation period for this variables is less
than a day, with typical value of few hours. Also, the V-band amplitudes for this type of
variables are less than ~ 0.3mag. They are classified as BCEP in GCVS.
• Anomalous Cepheid: These are RR Lyrae-like stars that mostly found in the dwarf spheroidal
galaxies. They are low mass (~ l.SM©) and metal poor stars with period in the range of ~ 0.3
to ~ 2 days. They are either originated from a single young stars or from a binary system
with mass transfer (see, e.g.. Bono et al., 1997).
The locations of these variable in the H-R diagram are labelled in Figure 1.3. The classical Cepheids
also come along with certain sub-classes, classified as according to the mode of pulsation. Most
Cepheids pulsate in the fundamental mode (FU), however there are some Cepheids pulsate in first-
overtone mode (FO, classified as DCEPS in GCVS), or even higher mode^ Some Cepheids even
simultaneously pulsate in two modes, and referred as beat (or double mode) Cepheids. These higher
mode Cepheids can be separated from FU Cepheids with several features: lower period, location in
the plot of the PL relation, the shape of the light curves, the Fourier coefficients and others. However
the Cepheids considered in this Thesis Dissertation are the classical fundamental mode Cepheids.
^For FU Cepheids, the gas inside the star oscillate in fundamental mode (as in an open pipe). Similarly, the gas
in FO Cepheids oscillate in first harmonics, and so on.
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are 1.3 -The schematic H-R diagram and the locations for some pulsating variables as mentioned
he text. The curve that running from upper-left to lower-right corner is the main-sequence, and
location of the Sun in H-R diagram is also indicated.
1.1.1 Cepheids as Astrophysical Tools
Cepheid are useful tools and probes for studying astrophysics, which mainly come in two cate-
(A) Distance scale study - Cepheids are primary distance indicators, and the Cepheid PL rela-
tions can be used to calibrate secondary distance indicators, such as the Tully-Fisher relation.
Type la supernovas, fundamental plane and surface brightness fluctuations. This builds up
the distance ladder and indicates the distance to more remote galaxies. Together with the
measurements of the recession velocities of these more distant galaxies, the Hubble constant
can be determined: this was the main goal of Hubble Hq Key Project (Freedman et al., 2001).
(B) Stellar pulsation studies - In terms of stellar astrophysics, the pulsational behavior of Cepheids
(as well as other pulsating variables) helps in the understanding of stellar structure, pulsation
and evolution. The pulsation models can be constructed with various input physics to mimic
the observational quantities and behavior of the Cepheids, such as the period, light and ve-
locity amplitudes, and etc. This kind of detailed comparisons between the outputs from the
models with observation is crucial in understanding the internal structures and the physical
gones:
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mechanisms (for example, the k- or T-mecha^ism) that cause the stars to pulsate (e.g., see
Ledoux & Walraven, 1958; Cox, 1980).
There are many different kind of studies that involve using the Cepheid variables, and a lot of them
rely on the Cepheid PL relation to determine the distances. Some examples are given as below:
.
Determining the Galactic abundance gradient - By studying the spectroscopic abundance for
a sample of Cepheids in our Galaxy, at which the distaiices to these Cepheids can be obtained
from the PL relations, Andrievsky et al. (2002a,b,c) found that the Galactic abundance gradi-
ent is flat around Solar neighborhood {6.5kpc < Ra < lOkpc), but exhibits a steep arid shallow
gradient at inner and outer part of the Galaxy, respectively.
.
Determining the kinematics of Galactic rotation - Using the measured radial velocities, tc^
gether with the distance measurements from adopted PL relation, the kinematic parameters
for Galax:tic rotation such as the distance to the Galactic Center and the circular velocity of
the Sun can be determined from fitting the data with models, as done in Metzger et al. (1998).
• Probing the star formation history - By Comparing the theoretical period distribution, cal-
culated from stellar evolution and pulsation models, to the observations, Alcock et al. (1999)
found that there is a recent burst of star formation that occurred in the Large Magellanic
Cloud.
• Testing of the standard extinction law - Macri et al. (2001) studied the consistency of distance
moduli and color excess for a number of extra-galactic Cepheids in 12 galaxies. Their results
support the use of the standard extinction law in other galaxies to derive the distances.
• Probing the local velocity flow - The velocity dispersion in the Local Universe is derived
using some nearby galaxies, with Cepheid distances and recession velocity (corrected for Virgo
infall) by assuming a Hubble constant, in Ekholm et al. (2001). Their result supports other
similar studies that the local Hubble flow is quiet and connected to the global Hubble flow at
R ~ 1.5Mpc.
• Showing the discrepancy of using the EPM (Expanding Photosphere Method) in Type H
supernova to determine distances - By comparing the EPM distance to SN1999em and the
Cepheid distance to its host galaxy, NGC 1637, Leonard et al. (2003) showed that there is a
large discrepancy between these two distance measurements (see also Appendix A).
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1.2 The Cepheid Period-Luminosity Relation
The Cepheid PL relation was discovered by Leavitt in the early 20'" century (see Fernie, 1969
for a review of the historical developments). After nearly a century of developments and studies, the
basic physics for the Cepheid PL relations is well understood, and the techniques of using Cepheid
PL relations to determine the distance to nearby (< 30Mpc) galaxies is well developed. This relation
takes a very simple form:
Mx = ax\og{P)+bx, (11)
where M, a and b are the absolute magnitudes, slope and zerc^point (ZP) in bandpass A, respectively,
and P is the pulsational period in days. Both of the slopes and ZP can be obtained either from the
theoretical predictions or calibrated from the observations. The calibrating PL relation currently
used is based mainly on the Large Magellanic Cloud (LMC) Cepheids, as applied by the Ho Key
Project team (FVeedman et al., 2001) as well as in other studies (e.g., Saha et al., 2001b; Kanbur
et al., 2003; Allen & Shanks, 2004).
In fact, the simplest way to derive equation (1.1) is by combining the period-mean density
relation (P oc p-'/^) for the pulsators, the Stefan-Boltzmann law (L = AnR^T,^) for assuming that
Cepheids are close to black body radiation, and the mass-luminosity (ML) relation (L oc M°) from
stellar evolution. Together with the luminosity-magnitude and temperature-color conversions, these
three equations yield the period-luminosity-color (PLC) relation, and the PL relation is obtained by
projecting the PLC relation to the P-L plane (Madore k Freedman, 1991). Note that the Cepheid
PL relation has always been considered to be a linearly defined function with period ranges of
log(P) ~ 0.2 to log(P) ~ 2.0 (see the figures in, e.g., Tanvir, 1997).
In most cases, the Cepheid PL relation is assumed to be universal, i.e. the slope of the PL relation
remains fixed, and the ZP is calibrated with independent means (such as independent distance
measurements). The distance modulus to a target galaxy is found by obtaining the difference of
the ZPs from the calibrated PL relation and the fitted PL relation to the Cepheids in the target
galaxy. As mentioned, the most-widely used PL relations are calibrated with the large number and
well observed Cepheids in the LMC, by adopting a distance modulus of 18.5±0.1mag. to the LMC
(see, e.g., Freedman et al., 2001), because LMC is relatively nearby, contains a large number of
Cepheids and the dispersion of the extinction is smaller than the Galactic Cepheids. However, there
are numerous studies on the metallicity dependency of the Cepheid PL relation (see, for example.
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Stothers, 1988; R-eedman & Madore, 1990; Kochanek, 1997; Sa^selov et al., 1997; Kennicutt et al
1998; Caputo et al., 2000b; FVeedman et al., 2001; Kanbur et al., 2003; Groenewegen et al. 2004-
Romaniello et al., 2004; Sakai et al., 2004; Storm et al., 2004). Most of these studies suggest that
the metallicity dependency enters the PL relation through the ZP, while the slope is still universal
and fixed by the LMC Cepheids. Hence, a metallicity correction term is commonly applied to derive
the Cepheid distances to nearby galaxies that have a different metallicity environment to that of
the LMC (for examples, a. in FVeedman et al., 2001; Kanbur et al., 2003; Leonard et al., 2003).
Furthermore, recent studies by Tammann et al. (2003) and Ngeow & Kanbur (2004) shows that the
Galactic PL relation is steeper than the LMC PL relation, which suggests that the slope of the PL
relation may also depend on the metallicity. Hence Cepheid PL relations may not be universal.
Besides the issue of metallicity dependency of the Cepheid PL relation, there are still remaining
some issues that should be investigated further and settled (Feast, 2003) for the application of
Cepheid PL relation. One of them is the non-linearity of the Cepheid PL relation, as discussed
further in the next subsection.
1.2.1 The Non-Linearity of the Cepheid PL Relation
In the "Standard Candle" workshop held in Chile (Dec, 2002), Feast (2003) has raised the
question regarding the non-linearity of the Cepheid PL relation, as we quote below:
"Are there non-linearities in the PL and PC [period-color] relations? Particularly is there
a significant slope difference between short and long period ('>~ lOdays) Cepheids that
would seriously affect the calibration and use of PL and PC relations?"
This is because the large datasets from the recent Optical Gravitational Lensing Experiment (OGLE,
Udalski et al., 1999a) has suggested that the PL relation for the LMC Cepheids may not be linear
(Tammann et al., 2002; Kanbur & Ngeow, 2004), in contrast to the linearity of the PL relations
mentioned above. The non-linearity of the Cepheid PL relation is the main theme that will be
investigated in this Thesis Dissertation.
The non-linearity of Cepheid PL relations has been recognized for some times, as the mean
magnitudes for some of the long period Cepheids (log[P] ^ 1.5) do not follow the best-fit lines. In
fact, some of the earlier works (include the works of Kukarkin, Shapley & Fernie) on the Cepheid
PL relation have suggested or used a quadratic form, M = a -\- (i\og{P) -\- 7[log(P)]^, to describe
the PL relation (Fernie, 1969). For example, semi-empirical derivation of the quadratic PL relations
in the B- and V-band can be found in Fernie (1967). In addition, the composite PL relations at
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mean and maocimum light constructed with Cepheids in different galaodes, a. presented in Sandage &
Tammann (1968), also show some curvatures of the PL relations. In terms of theoretical modeling
Bono et al. (1999a) and Caputo et al. (2000a) have fit the quadratic PL relations to the pulsating
periods and magnitudes obtained from the pulsational modelings.
The non-linearity of the PL relations, however, is more easily explained with the broken PL rela-
tions: there are two PL relations, for short and long period Cepheids respectively, with discontinuity
(a break) at a specific period (e.g., at 10 days). Perhaps the earliest idea for the broken PL relation
wa. proposed by Kukarkin in 1937, a. quoted from Fernie (1969): "...he concluded that the relation
wa. definitely non-linear...but the best fit was by two straight lines of different slope intersecting at
a period of 10 days". The modern version of the broken PL relations is reported in Tammann et al.
(2002), that the OGLE LMC Cepheids follow different PL relations for periods shorter and longer
than 10 days. This was also independently discovered by us in 2002. Compared to the previous
datasets, the high quality and large number of Cepheids observed by the OGLE team, along with
the estimated extinction to individual Cepheids, ha^ made the detection of the broken PL relation at
10 days becomes possible. The empirical evidence for the break of the PL relations at log(P) = 1.0
observed in OGLE LMC Cepheids is presented in Figure 1.4(a). The slopes of the long and short
period PL relations in this figure are compared in Table 1.2. Except for the B-band with large error,
as there are not many data points for the long period Cepheid, both of the V- and I-band slopes
show roughly ~ 2a difference between the long and short period PL relations. Note that Caputo
et al. (1999) also fit a broken PL relation to their results obtained from the theoretical models, but
with a break at log(P) = 1.4.
Table 1.2 -Comparison of the slopes (a) for the long and short period PL relations as seen in OGLE
Band a(> lOday) a(< 10 day) a{> 10 day) - a(< 10 day)
B -1.89 ±0.62^
-2.42 ±0.08 0.53 ±0.63
V -2.48 ±0.17 -2.86 ±0.05 0.38 ±0.18
I -2.82 ±0.13 -3.03 ±0.03 0.21 ±0.13
* The large error for this slope is due to the small number of data points.
The reason for the break, or the non-linear nature, of the PL relation as seen in the LMC
Cepheids is because the LMC period-color (PC) relation is also broken (Tammann et al., 2002;
Kanbur & Ngeow, 2004), as shown in Figure 1.4(b). Recall that both of the PL and PC relations
follow the PLC relation for Cepheid variables (see Madore & Preedman, 1991, for the basic physics
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Figure 1.4 -The break of PL and PC relations in OGLE LMC Cepheids. Le/f pane/- (a) The
empirical evidence for the break of PL relations at log(P) = 1.0 in BVI-bands. Right panel: (b) The
reason that there is a break at log(P) = 1.0 for PL relations is because the PC relations are also
broken. These figures are adopted from Tammann et al. (2002) with permission.
of PLC relation). Consider that the PLC relation with the form of My = a' + b']og{P) + c'{V - I)
is valid at any phase, and if the PC relation is broken at Pq, i-e.,
{V-I)=xs+ ys log(P), P < Po,
{V-I)=XL+ VL log(P), P > Po.
Then, by substituting these PC relations to the PLC relation will lead to two PL relations:
Mv = a' + c'xs + [b' + c'ys] log(P), P < Pq,
Mv = a' + c'xL + [b' + c'vl] log(P), P > Pq.
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Hence, understanding the physics behind the break in the LMC PC relation helps in the under-
standing of the break as seen in the LMC PL relation. In contract to the LMC PC relation the
Galactic PC relation is fully consistent with a single regression line, i.e., there is no break in the
Galactic PC, as well a. the PL, relation (Tammann et al, 2003; Kanbur & Ngeow, 2004- Ngeow
& Kanbur, 2004). Hence, the study of the broken, or the non-linear, PC and PL relation is not
only important in distance scale studies (the effects of broken PL and PC relation should be taken
into consideration when deriving the Cepheid distances), but also important in the study of stellar
structure, evolution and pulsation that need to account for this newly discovered phenomenon.
Since the PC relation, as seen in Figure L4(b), are normally defined as<X>-<Y>, where
< > denotes the intensity mean for the X and Y bandpass, then the PC relation at mean light is
(close to) the average of the color for all phases. If we choose {V - /), a. the extinction corrected
color at phase i, then a PC relation at this phase is: {V - /), = + c, log(P), and taking the average
over a pulsation period, i = 1...J, this becomes:
i=J
, i=J
1 1
7E^' + j2^Ciiog(F). (1.2)
i=l t=l
<F>-</>=^d,+ l^e,lo P
It is clear that the average ZP and slope will be affected by their values at individual phase points.
Any "anomaly" of the color at certain phases of the pulsation, e.g. at the maociraum and/or minimum
light, for some phase/period range would affect the mean light properties of the PC relation and
hence produce the observed break in the PC and also the PL relations. For example, consider this
relation: Vmin - V^ax oc log(r^„^) - log(T^,„), as given in Simon et al. (1993), where T^ai/m,n is
the temperature at maximum and minimum light, respectively. The left-hand-side of this relation
is just the amplitude of the Cepheid, and the temperature terms on the right are directly related to
the color. If, for some reasons, \og{Tmax) vs period has a flat slope for a given period range, then
there is a relation between the amplitude and log(T^,„), the amplitude-color (AC) relation, and
vice versa. This flatness of the PC relation at maximum and/or minimum light in principle could
influence the PC relation at mean light, and hence produce the broken PC relation. A mechanism
that can produce a flat PC (or period-temperature) relation at maximum light is the interaction
of the hydrogen ionization front (HIF) with the photosphere (defined at optical depth of 2/3) that
halts the temperature of the photosphere at some characteristic values (Simon et al, 1993) which are
independent of the global properties. Hence, the preliminary hypothesis to account for the non-linear
LMC PC relation is:
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.The long period (>10 days) LMC Cepheids behave hke the Galactic Cepheids, where the
HIF-photosphere interaction occurs at maximum light (Simon et al., 1993).
.
The short period «10 days) LMC Cepheids behave like the RR Lyrae variables, where the HIF-
photosphere interaction occurs at minimum light (Kanbur, 1995; Kanbur & Phillips, 1996).
Another possibility is that the slopes for the long period Cepheids are steeper (i.e., the temperature
of the Cepheids get much cooler a. period increase) than the slopes for the short period Cepheids
at certain pha.es (e.g., maximum and/or minimum), then the mean light PC relation could also be
non-linear. These hypotheses will be examined in detail a. presented in the later chapters in this
Thesis Dissertation.
Besides the break of PL relations seen in LMC Cepheids, the SMC Cepheids also show a similar
break at a period of 2 days from the EROS-2 data (Bauer et al., 1999). The authors carefully
examine the possible errors or bias in the data that lead to this finding, and conclude that the break
of PL relations seen in SMC Cepheids is real. They also list out 4 possible scenarios to explain the
break seen in the EROS data, including the superposition of two Cepheid populations, mixing of two
classes of Cepheids, and the shape of the instability strip from both evolutionary and pulsational
models, but none of them can adequately explain the break in PL relations. However, a possible
explanation is given in Baraffe et al. (1998), who explain that the change of the slope for short period
SMC Cepheids (less than 2 days) is due to the evolutionary effect, that maybe different than the
LMC Cepheids with, e.g., the HIF-photosphere interaction. Hence the non-linearity of the Cepheid
PL relation may not unique to the LMC Cepheids, and different physics could be involved to account
for the non-linearity. However, the non-linearity of the LMC PL relation will be the main focus in
this Thesis Dissertation.
1.3 Structure of this Thesis Dissertation
Since Cepheid light curves are essential in studying the Cepheid variables and the distance scale
application, accurately constructing the Cepheid light curves is important to extract useful infor-
mation for the Cepheids, such as the mean magnitudes and the magnitudes at maximum/minimum
light. In Chapter 2, we describe the Fourier techniques we developed that can be used to accu-
rately construct the Cepheid light curves, including the Fourier expansion with simulated annealing
techniques and the Fourier interrelations. These techniques are also used in other studies in this
Thesis Dissertation.
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The idea, of non-universality of the PL relations and the use of Galactic PL relation to calibrate
the Cepheid distances have emerged as I began n.y dissertation work. To test this, we used both
of the LMC and Galactic PL relations to calibrate the distances to ~two dozens observed
galaxies (which span a wide range in metallicity) in Chapter 3, in contract to the conventional
approach that only used the LMC PL relation (Mman et al., 2001). A n.ajor result from this
«tudy is: after applying a metallicity correction (A^) to the distance modulus obtained by using
the LMC and Galactic PL relations, the ovemll difference in distances from the two PL relations
used is negligible, a. compared to the result obtained without using the A,, which shows a ~ 10a
difference in distance when applying the two PL relations.
Encouraged by the results from Chapter 3, we then collect the Galactic Cepheids with indepen-
dent distances to improve the calibration of the Galactic PL relations in Chapter 4. We used a
rigorous statistical test (the Uest) to show that the Galactic Cepheids follow a different PL relation
(i.e., the slopes) to their LMC counterparts at more than 95% confidence level. This is the first
evidence from a statistical test that the empirical Cepheid PL relations is not universal, at lea^t in
the galaxies with metallicity comparable to Galactic and LMC values.
We then study the non-linearity of the LMC PL relation, and extend this study from optical
to near infrared, a« described in Chapter 5 with rigorous statistical tests (F- and x'-tests). The
purpose of this chapter is two-fold: (a) to verify the non-linearity of the OGLE V-band PL relation
with MACHO data; and (b) to extend the study of non-linear PL relation to the R- (from MACHO),
J-, H- and K-band (from 2MASS). The results from rigorous statistical tests suggest that the VRJ-
and H-band PL relations are better described with the broken PL relation, while the K-band PL
relation is consistent with a single line.
We further investigated the PC and AC relations at maximum, mean and minimum light for the
Galactic, LMC and SMC Cepheids in Chapter 6, since the PC and AC relations are connected as
mentioned previously. We also apply a statistical test, the F-test, to examine the significance of the
break at 10 days for these PC and AC relations. The results showed that the LMC PC relations
are broken at maximum, mean and minimum light, however it only happens at maximum light for
the Galactic PC relation and marginally at SMC PC(max) relation. The LMC PL relation is also
shown to be broken at mean and minimum light, but not at the maximum light, with the F-test.
The impact or the implication of the non-linear LMC PL and PC relations in distance scale
studies are discussed in Chapter 7, i.e., how does the non-linear PL and PC relations affect the
distance scale measurements. We examine this by studying the linearity of the Wesenheit function,
because it is equivalent to obtaining the Cepheid distance with the reddening-free distance modulus.
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In this chapter we found that the Wesenheit function is indeed linear, hence the impacts of the non-
linear PL and PC relations in distance scale applications is minimal (with a difference of < O.OTmag.
in distance modulus when using the linear and broken PL relations).
In Chapter 8, we examine the Galactic PC and AC relations further by constructing Galactic
pulsation models. One feature of the Galactic Cepheids is that the PC relation at maximum light
for the long period Cepheids is flat. This is probably due to the HIF-photosphere interaction as
described in the previous sub-section. By using the Florida pulsation codes, which include 1-D recipes
for time-dependent convection calculations, we confirmed that the flatness of PC(max) relation for
these long period Galactic Cepheids is caused by the proposed interaction.
The non-linear LMC PC and PL relations are further investigated in detail in Chapter 9 with
the methods and techniques developed in previous chapters. We have updated the empirical results
from Chapter 6 due to the revision of the OGLE data, and we compared the Galactic and LMC PC
relations in detail. We also extend the study from Chapter 8 to the LMC Cepheids by constructing
the LMC pulsation models, with the same methodology and the stellar pulsational codes. The role
of the HIF-photosphere interaction in explaining the non-linearity of the LMC PL and PC relation
is also discussed.
The conclusions/summary of this Thesis Dissertation are presented in Chapter 10, along with
the outlines of future works.
In Appendix A, I summarize the project that I was involved with Dr. Leonard, which compared
the Cepheid distance and the EPM distance to a SN II in NGC 1637. Appendix B described the
Fourier intrarelations, in addition to the Fourier interrelations as given in Chapter 2, that could
potentially be used to reconstruct the Cepheid light curves.
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CHAPTER 2
CEPHEID LIGHT CURVES RECONSTRUCTION WITH FOURIEREXPANSION AND INTERRELATIONS
Fourier decomposition is a well established technique used in stellar pulsation. However the
quality of reconstructed light curves using this method is reduced when the observed data have
uneven pha^e coverage. We use simulated annealing techniques together with Fourier decomposition
to improve the quality of the Fourier decomposition for reconstructing the Cepheid light curves.
This method restricts the ranges that Fourier amplitudes can take. The ranges are specified by well
sampled Cepheids in the Galaxy and Magellanic Clouds. To reconstruct the Cepheid light curves
observed by the HST, which typically consist of 12 V- and 4 I-band data points, we employ a direct
Fourier fit to the 12 V band data using the simulated annealing method mentioned above. For the
I-band data, we explicitly derive and use Fourier interrelations to reconstruct the I-band light curve.
Error analysis of these light curves reconstruction procedures shows the errors are of the Fourier
amplitudes are around ~ O.OSmag. We discuss advantages and drawbacks of these techniques when
applied to HST Cepheid data and some other related issues.
2.1 The Cepheid Light Curve
The study of Cepheid light curves has two major applications: (a) distance determinations to
nearby galaxies via the well calibrated period-luminosity (PL) relations (for example, see Madore &
Preedman, 1985, 1991; Feast & Walker, 1987; Freedman et al., 2001; Saha et al., 2000, 2001b); (b)
the understanding of the pulsational behavior of Cepheids by comparing the observed light curves
to the theoretical counterparts (e.g., Davis et al, 1981; Simon & Davis, 1983; Buchler et al., 1990;
Wood et al., 1997; Bono et al., 2002a). Therefore, reconstructing the Cepheid light curves from the
observed photometric data is important regarding these two aspects.
Because Cepheid light curves are periodic, the data points from well observed Cepheids can be
described by the n^'-order Fourier expajision, as first introduced by Schaltenbrand & Tammann in
1971:
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m{t)
==^o + J2 cos(ja;i + 0,), u; = 27r/P,
(2 1)
where P is the period (ir. days) of Cepheid, and ^0 is the mear, value of the light curve. The
A, arid
<t>, are the Fourier amplitudes and pha.es for /''-order, respectively. Since the period of
a Cepheid can be determined via other means and can be found in the literature, we can fold the
time observation into pha.e a.: ^t) = (, - ,„)/p _ _
,„)/p]^ .^.^^ ^ ^^^^^^ ^^^^^.^^
epoch. The value of ^ is from zero to one, corresponding to a full cycle of pulsation. Hence equation
(2.1) can be written as (Schaltenbrand & Tammann, 1971):
m{t) =Ao + Y,Ai cos[27r;$(<) + <j)^]. (2.2)
Equations (2.1) or (2.2) has remaining 2n+ 1 unknown parameters which require at least the same
number of data points to solve for them. This technique has been widely used in the study of
Cepheids and other pulsation variables (e.g., see Simon & Lee, 1981; Andreasen, 1988b; Morgan,
2003). As mention in Chapter 1.1, the Cepheid light cure is generally not in sinusoidal shape (which
only required n < 2), hence the higher order (n > 3) terms are required to fully describe the light
curve. Most of the observations on Galactic (e.g., Schaltenbrand & Tammann, 1971; Simon & Lee,
1981; Moffett & Barnes, 1985; Ferro et al., 1998) and Magellanic Clouds Cepheids (e.g., Andreasen
& Petersen, 1987; Moffett et al., 1998; Udalski et al., 1999b,c) include large number of epochs that
permit the higher order of Fourier expansion up to n = 8. However, some of these Cepheids have
small number of observations that only permit lower order Fourier expansion. The Fourier expansion
has been extensively used in studying the light curves of pulsating stars (see Antonello et al, 1987,
and the reference therein). Some applications of equation (2.1) in the study of the Cepheids can be
found, for example, in Simon k Davis (1983), Simon k Moffett (1985), Antonello & Poretti (1986),
Andreasen & Petersen (1987), Buchler & Moskalik (1994), Poretti (1994) and Hintz & Joner (1997).
2.1.1 The Problems in Reconstructing the Light Curve
The traditional approach to solve the 2n+ 1 parameters in equation (2.1) or (2.2) is using the least
squares method, as in Simon k Lee (1981) and other studies. This method works well for Cepheids
with large number of high-quality observations that uniformly sampled the light curves. However,
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this method sometimes fails to produce acceptable light curves with small number of observations
due to the poor sampling of the data points, and produces some numerical bumps in the light
curves. In Figure 2.1, we illustrate this problem with a observed Cepheid which ha. only 12
data points. The Hght curve for this Cepheid wa. reconstructed with the least squares method to
solve the parameters in equation (2.1) by adopting n = 4, as indicated by solid curves. This light
curve does not fit to the data well and exhibits numerical bumps around phase ~ 0.2 and ~ 0.5.
These numerical bumps are not physically associated with the true light curves, but result from the
sparsely sampled data points. An alternate method to overcome the problem presented in Figure
2.1 is using a template of the light curves determined from well-sampled Cepheids (Stetson, 1996).
The template-fitting method works well when determining the mean magnitudes for the Cepheids,
however they cannot be used in the detailed structural study of the Cepheid light curves, such as
determining the maximum k minimum light and the R,j k 0,, parameters^.
In recent years, a great deal of effort has been made to discover extra-galactic Cepheids, and
determine the distance, by using the HST as in Freedman et al. (2001, hereafter HOKP in this
chapter) and Saha et al. (2001b). In most of the HST observations, in order to optimize the phase
coverage of Cepheids within the HST observational windows, the number of V-band observations is
chosen to be 12 (FVeedman et al., 1994; Kennicutt et al., 1995). To correct for the extinction and
reddening, I-band observations are included (see, for example, Kennicutt et al., 1995; Freedman et
al., 2001). However, only 4 (or 5) I-band observations are needed, because the I-band amplitudes
are smaller than in the V-band (Freedman, 1988; Freedman et al., 1994; Kennicutt et al., 1995).
Existing techniques to estimate the mean from the sparsely sampled HST da.ta include: (a) taking the
phased weighted intensity mean (Saha & Hoessel, 1990) in V-band and using an empirical relation
developed by Freedman (1988) or Labhardt et al. (1997) in I-band; and (b) adopting template fitting
procedures (Stetson, 1996; Tanvir et al., 1999).
In this chapter we develop two techniques to reconstruct the Cepheid light curves. The first one,
as given in Section 2.2, is applying the simulated annealing techniques to the Fourier expansion. This
technique will be used to reconstruct most of the light curves studied in this Thesis Dissertation,
including the V-band light curves from the HST observations. The second technique is referred as
the Fourier interrelations, as discussed in Section 2.3, which is mainly used to reconstruct the HST
I-band data. Since one of the main goals to develop these techniques is to reconstruct the HST data,
we set n = 4 (compromise between the 12 V-band HST data and the goodness of fit) in this chapter
^Rij = A,/Aj and (ptj = (p, - i<t>j (Simon & Lee, 1981).
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for the purpose of illustration. The general applications of these techniques can be easily extended
to higher order. We also present some potential advantages and drawbacks of the application of
these techniques.
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Figure 2.1 -An example of the reconstructed light curve to a Cepheid in NGC 1326A. The solid
curve is the reconstructed light curve from the least squares solution. It is clear that the lea^st-
square solution for this Cepheid does not provide a satisfactory fit to the data. The dashed curve
is the light curves reconstructed with the method described in Section 2.2. The original data are
indicated with error bars.
2.2 Fourier Expansion with Simulated Annealing Techniques
Instead of solving for the unknown parameters in equation (2.2) with least squares method,
we specify the range of each parameter in equation (2.2) and fit the data to obtain the best-
fit values for each parameter. All the parameters are fit simultaneously with the simulated an-
nealing method (for example, see Press et al., 1992) to minimize the corresponding value:
= Z][("^o6s - 'rn}it)/aobs\^- The simulated annealing method will search the best fit values for
a group of parameters within a reasonable amount of computational time. The dashed curve in
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Figure 2.1 shows that by fitting the parameters in equation (2.2) to the observed data with an
appropriate choic. for the ranges, the reconstructed light curve has been greatly improved. In order
to apply the sin.ulated annealing method to Ht the available data points, certain ranges of the fitted
parameters have to bo imposed. The range for the n.ean magnitude (/i„) term in equation (2.2)
i« trivial (say, ±5mag. from the arithmetic: mear. magnitude of the data points), an.l the ranges
for the Fourier amplitudes {A,) and pha.ses (0,) are set to be: A, e Wr^af] and 0, 6 |0,2.],
respectively. Note that if the ranges for the Fourier amplitudes are unconstrained, e.g. a^- ^ 0
and af = large number, then this procedure is equivalent to applying the lea.t squares method to
obtain the parameters (preserve.l the detailed structures of the light curves but does not work w,-ll
for poorly sampled data). On the; other hand, if a^°-/a'r = af/a'/" = A, /A, = /(log[Pl), j > 2,
then this procedure is same a.s the template fitting method introduced by Stetson (1996, works well
for poorly sampled data but d(,es not preserved the detailed structures of the light curves). Hence,
our method is constrairu.l the ranges for the Fourier amplitudes such that the reconstructed light
curves can be imf)rov<ul with poorly sampled data and preserved the detailed structures of the light
curves at the san.e time. We do this, firstly, because, we want to reconstruct the light curve to model
it and, ,sec:on(lly, to cai)tur(! any liglit curve shape changes due to metallicity.
Figure 2.2 -Two typical examples for the reconstructed light curves (in V-l)and) by using the simu-
lat(!d annealing method with unconstrained fit for the LMC CJepluiids in similar periods. Left: (a)
Well constructed light curve. The data points are distributed relatively uniform in phase. This LMC
Cepheid has log(P) = 0.4576. Right: (b) Poorly reconstructed light curve due to the bad phase
coverage, and exhibits a numerical bump at phaae ~ 0.5. This LMC Cepheid has log(P) = 0.4580.
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In order to determine the proper ranges for the Fourier amplitudes, we use the following two
datasets: (a) "calibrating set" Cepheids that consist mostly of the Galactic Cepheids with additional
small amount of LMC/SMC Cepheids (Hendry et al., 1999); and (b) well-sampled OGLE (Optical
Gravitational Lensing Experiment) LMC Cepheids (Udalski et al., 1999b). For the OGLE LMC
Cepheids, we fit the photometric data with the unconstrained Fourier expansion, and eliminated
those Cepheid with poorly reconstructed light curves (Ngeow et al., 2003). In Figure 2.2 we show the
examples of well reconstructed and poorly reconstructed light curves for the OGLE LMC Cepheids.
The plots of the V-band Fourier amplitudes a. function of periods by combining these two datasets
are presented in Figure 2.3. The plots of the I-band Fourier amplitudes are similar to Figure 2.3, but
with lower values of the Fourier amplitudes (Ngeow et al., 2003) because the I-band amplitudes are
generally smaller (R-eedman, 1988). From this figure, it is clear that the Fourier amplitudes occupy
certain ranges in the A, vs. log(P) plots. Therefore we can determine the appropriate ranges of
Fourier amplitudes for a given period from this figure. An example of the adopted ranges for the
Fourier amplitudes in V-band are presented in Table 2.1 (see also Ngeow et al., 2003, for the adopted
ranges of the I-band Fourier amplitudes), as these ranges are used in Chapter 3 to construct the
V-band light curves for //5r observed Cepheids. The ranges of the Fourier amplitudes are set to
be started from zero (i.e, a^°- = 0) to account for possible low amplitude Cepheids. Note that the
upper limit of the ranges given in Table 2.1 is an approximation, since there is no exact upper limit
for a given period. Experience shows that sometimes a slightly larger range of the Fourier amplitudes
than the one given in Table 2.1 can reconstruct the light curve better. An iterative process can be
made, if necessary, to find the most suitable upper limits to reconstruct satisfactory light curves.
The reduction in ranges can improve the quality of the Fourier fit, as some of the numerical bumps
are removed in the reconstructed light curve, provided that the problem of bad phase coverage is
not too severe (see next sub-section).
The distributions of the Fourier amplitudes for OGLE LMC Cepheids and the "calibrating set"
(or mostly Galactic) Cepheids appear to coincide, as seen in Figure 2.3. This may imply that the
ranges of the Fourier amplitudes depend weakly on metallicity. However, this conclusion is only
based on the analysis of two galaxies, and may not reflect the assumption that metallicity can afi'ect
the distribution of Fourier amplitudes, van Genderen (1978) showed that the upper limits of B band
amplitudes are different for Cepheids in Galaxy/M31, LMC and SMC. In addition, Paczynski &
Pindor (2000) showed that the OGLE LMC Cepheids, in the period range of 1.1 < log(P) < 1.4,
have larger amplitudes than OGLE SMC Cepheids with same period ranges. Because the V-band
amplitudes can be scaled from B and I-band amplitudes (Freedman, 1988), the diff"erent V-band
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Figure 2.3 -The distributions of the V-band Fourier amplitudes (A^) as function of log(P) for OGLELMC Cepheids with well constructed light curves (crosses) and the Cepheids in the "calibrating set"
(filled circles).
Table 2.1 -The adopted ranges for the V-band Fourier amplitudes.
0.0 < log(P
1.0 < log(P
1.K log(P
1.2 < log(P
1.3 < log(P
1.4 < log(P
1.5 < log(P
1.6 < log(P
1.7 < log(P
1.8 < log(P
1.9 < log(P
< 1.0
< 1.1
< 1.2
< 1.3
< 1.4
< 1.5
< 1.6
< 1.7
< 1.8
< 1.9
< 2.0
0.0-0.40
0.0-0.44
0.0-0.48
0.0-0.52
0.0-0.52
0.0-0.52
0.0-0.49
0.0-0.48
0.0-0.43
0.0-0.40
0.0-0.35
0.0-0.18
0.0-0.14
0.0-0.16
0.0-0.19
0.0-0.23
0.0-0.26
0.0-0.25
0.0-0.23
0.0-0.20
0.0-0.17
0.0-0.13
0.0-0.11
0.0-0.08
0.0-0.10
0.0-0.13
0.0-0.16
0.0-0.16
0.0-0.14
0.0-0.13
0.0-0.12
0.0-0.11
0.0-0.10
Period Ranges Ai{V) A2iV) AsjV) AijV)
0.0-0.08
0.0-0.07
0.0-0.08
0.0-0.09
0.0-0.10
0.0-0.10
0.0-0.10
0.0-0.09
0.0-0.08
0.0-0.07
0.0-0.06
upper limits for Cepheids in different galaxies could also exist. Nevertheless, the ranges of Fourier
amplitudes as given in Table 2.1 are assumed to cover the Fourier amplitudes for different metallicity
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environments, because these r„ges go from .ero to the upper ,™it that is slightly larger than
the ranges defined by OGLE LMC and .cahbrating set" Cepheids. The detailed ^alysis of the
relationship between the Fourier anrpUtudes and the nretallicit, environn,ents will be presented in
future work.
2.2.1 Results and Problems of the Fits
U«ing the Fourier expar^sion with the appropriate ranges for the Fourier amplitudes, some of
the poorly reconstructed light curves can be improved and the results show good agreements to
observational data. Figure 2.4 shows some examples of the improved reconstructed light curves
when fitting equation (2.2) to the OGLE LMC V-band data by narrowing the Fourier amplitudes
as given in Table 2.1. As can be seen from the figure, some of the obvious bumps (or dips) in the
original reconstructed light curves can be removed with this simple technique, resulting in smoother
light curves and better fits to the data. The estimation of the mean magnitudes would be closer
to the true mean without the influence of the numerical bumps/dips. Note that for the ca^es with
well-sampled data, both the lea^t-squares solution and the simulated annealing method can fit the
Fourier expansion to the data equally well.
Figure 2.4 -Examples of the reconstructed light curves fitted with the ranges of Fourier amplitudes
given in Table 2.1. These light curves are indicated in solid curves. The dotted curves are the light
curves resulted from unconstrained fit (equivalent to least squares fit). The periods of the OGLE
LMC Cepheids ai-e also given in upper-right corner. Original data points are also indicated.
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In certain extreme cases that either the data points are heavily clustered in certain phases or
there >s a large gap between two adjacent data points, the Fourier expansion fails to construct a
satisfactory light curve, regardless of the choice of the ranges for Fourier amplitudes. Figure 2 5
shows some examples of this ca.e. By using either the initial ranges (dotted curves) or the narrower
ranges (solid curves) to fit the Fourier amplitudes with observed data points, the reconstructed light
curves are still not satisfactory due to the pha.e clustering of the original data. When using this
technique to estimate means for the PL relations, these Cepheids should be treated with caution or
rejected.
Figure 2.5 -Examples of the reconstructed light curves that exhibit numerical bumps/dips, regardless
of fittmg the data with smaller (solid curves, a^s given in Table 2.1) or larger (dotted curves) ranges
of the Fourier amplitudes. This is mainly due to the bad pha^se coverage in the data, with gaps in
between the data points. Original data points are also indicated.
2.3 The Fourier Interrelations
Because the I-band observation of HST typically consist of 4 epochs, equation (2.2) cannot be
applied to reconstruct the light curves. However, statistical relationships between the j"'-order
Fourier coefficients for V- and I-band have been introduced by Hendry et al. (1999) and by Kanbur
& Nikolaev (2001), known as the Fourier interrelations. We explicitly derive and present them here
because of their applicability in stellar pulsation studies. These allow the reconstruction of I-band
light curves up to 4"' order. There also exist correlations of the first order Fourier amplitude [Ai)
to subsequent higher order Fourier amplitudes in the same bands (for example, see Antonello et al.,
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1987), known as the Fourier i„trarela.i„ns (presented in Appendi, B), however thi, approach is less
preferable than Fourier interrelations.
The Fourier interrelations are the linear relation of
.--order Fourier amplitudes and pha.es from
V-band to I-band, and have the following form:
MI) = aj+PjA,{V),
(2.3)
MI) = fj+VjMV)- (2.4)
The coefficients of the interrelations are determined from the "calibrating set", by minimizing the
value of the fit. Fourier interrelations for fundamental mode Cepheids are presented in Table
2.2. The table also shows the rms of the straight-line fit to the data. The fits were derived taking
full account of errors in both variables with the standard model fitting procedures (for example,
see Press et al. 1992, Chapter 15). The Fourier interrelations for equation (2.3) & (2.4) are clearly
shown in Figure 2.6 k 2.7, respectively. The standard errors of the Fourier coefficients, derived
from inverting the Hessian matrix, are also shown in the figures. Despite the appearance of strong
correlations in the figures, the relations have large x' per degree of freedom, i.e. very small statistical
significance. Nevertheless, using interrelation to recover sparsely sampled light curves works quite
well, as shown in Section 2.5. For the Galactic data in the "calibrating set", we display bump and
non-bump Cepheids with solid and open squares respectively (due to the P2/P0 = 0.5 resonance
around 10 days on Hertzsprung progression, the periods of bump Cepheids normally lie in between
8 and 14 days.). For the LMC/SMC data in the "calibrating set", we do not differentiate between
bump and non-bump Cepheids.
The procedures for reconstructing the I-band light curves are similar to V-band light curves.
Instead of fitting all the parameters (the mean magnitude and the Fourier parameters), we use the
Fourier interrelations to obtain the I-band Fourier parameters from the V-band fit. This gives the
shapes of the I-band light curves, and the mean I-band magnitudes are found by using the observed
I-band data to minimize the corresponding x^ values.
Besides the Fourier interrelations among the "calibrating set" Cepheids, similar linear relations
also exist for OGLE LMC and SMC Cepheids (Ngeow et al., 2003). There is little diff'erence between
the Fourier interrelations for the OGLE LMC and SMC Cepheids in the slopes of the best fit lines
to that found for "calibrating set" Cepheids (Ngeow et al., 2003). The good agreement between
them indicates that the relative changes in Fourier parameters are almost unaffected by metallicity.
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Figure 2.6 -The Interrelations among the Fourier amplitudes in the "calibrating set" Cepheids.
Crosses represent corresponding Fourier amplitudes and standard errors for each Cepheids. The
dashed lines are the best-fit straight lines to the data, with the slopes and zero points given in Table
2.2. Solid and open squares are for bump and non-bump Cepheids.
This does not mean, however, that the light curve shape is independent of metallicity. Rather,
it means that change in metallicity affects the Fourier parameters in different bands in the same
way. Therefore, given a well-sampled light curve in V-band, one can estimate Fourier parameters
in I-band reasonably well regardless of the metallicity of the parent galaxy. This result is useful in
reconstructing the light curves of extra-galactic Cepheids in a broad range of metallicity environ-
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Figure 2.7 -Same as Figure 2.6, except for the Interrelations among the Fourier phases.
ments. Hence, the Fourier interrelations given in Table 2.2 will be applied to reconstruct the I-band
light curves for EST observed Cepheids.
The empirical relation that the earlier papers of HOKP used to obtain the I-band mean magnitude
is based on the observational results of Freedman (1988), as the amplitude ratio of I- and V-band
is about 0.5. However, Tanvir (1997) recommended use of an amplitude ratio of 0.6, because this
ratio can improve the estimation of I-band mean magnitude. We note that the slopes in the Fourier
interrelations {li term in Table 2.2) are approximately equal to 0.6, which is close to the Tanvir's
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Relation /J ry
Ai —0 OOfi + n nn9 U.D4J ± L).U07 2.69 X 10^
A2 0.001 ±0.001 0.600 ±0.011 9.74 X 10^
A3 0.000 ±0.001 0.645 ± 0.023 6.05 X 10^
A4 0.000 ±0.001 0.631 ± 0.039 4.85 X 10^
Relation 7
<t>i -0.178 ±0.033 0.996 ± 0.001 2.21 X 102~
(f>2 -0.048 ±0.010 1.005 ±0.003 6.89 X 10^
</»3
-0.015 ±0.021 1.003 ±0.004 1.02 X 102
4>4 -0.001 ± 0.034 1.004 ±0.006 7.10 X IQi
« Coefficients are corresponding to those defined in equation (2.3) & (2.4) Parameter
characterizes the goodness of fit: = E.(^/^ - a - /^x^V(a^
^ + pLlJ
'
x
value. This is the main reason why Fourier interrelation exists and work well in reconstructing the
light curves (Section 2.5).
2.4 Error Analysis for Light Curve Reconstruction when Applied to HST
Cepheids
In order to estimate the errors associated with the light curve reconstruction procedures pre-
sented in Section 2.2 k 2.3, we performed an error analysis based on Monte-Carlo simulations. We
emphasize that we are simulating the photometric data published in the literature. It has been sug-
gested that even this is not a real simulation of HST Cepheid data since we neglect the possibility of
events such as "warm pixels" or cosmic rays. However we contend that such data points will either
be rejected by the photometric reduction package used and, if not, the point sources responsible for
these should not be used anyway.
Due to the large number of Cepheids, as well as the large number of observations in V- and
I-band, the simulations are performed primarily with OGLE LMC Cepheids that have good light
curves (as in Figure 2.2[a] and represented by crosses in Figure 2.3). These OGLE LMC Cepheid
light curves, constructed by using all the available data points in both bands, are referred as the
original light curves. We assume that when we fit a 4*''-order Fourier expansion to these data, the
resulting Fourier amplitudes are very close to their true values. In order to mimic the published
HST photometric data, we performed three simulations for the error analysis. The procedures for
each simulation are as follows:
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Simulation 1: First a Cepheid is picked randomly (with replacement) from the data set
then 12 points in the V-band and 4 points in the I-band were randomly selected without
replacement. In axidition to the OGLE LMC photometric errors, we add Gaussian noise of
^^no^se = 0.05mag. and a^oise = O.lOmag. to these randomly selected data.
.
Simulation 2: Same a. in Simulation 1, but with larger Gaussian noise of = O.lSmag.
and keep Unoise = O.lOmag.
.
Simulation 3: We pick one Cepheid with large number of epochs {Ny = 34, N, = 188), then
12 points in the V-band and 4 points in the I-band were randomly selected without replacement
form this Cepheid. The additional Gaussian noise is same as in Simulation 1.
Then, the data from each simulation are used to reconstruct the light curves with the procedures
described in Section 2.2 & 2.3, i.e. the 4^''-order Fourier fit in the V-band and the Fourier interrela-
tions in the I-band. The randomly selected 12 V points could of course be uniformly distributed or
concentrated around one particular pha^e point. Mean magnitudes and the Fourier amplitudes ob-
tained from our reconstruction procedures for these simulated data are then compared to the mean
magnitudes and Fourier amplitudes from the original light curves. After running N = 1000 trials in
each simulations, the error histograms for the mean magnitudes, as well as the Fourier amplitudes,
in both V- and I-band are constructed. Gaussian distributions with parameters of ^ and a are then
fitted to these error histograms, where /z represent the mean offsets between the simulated data
and original data, and a represent the errors in either the means or the Fourier amplitudes. The
results of the Gaussian fits from each simulations for V- and I-band are presented in Table 2.3 & 2.4,
respectively. The error histograms for the mean values, resulted from Simulation 1, are presented
in Figure 2.8, with abscissa to be the difference between the simulated means and original means.
Similarly, the errors histogram for Fourier amplitudes in V- and I-band are presented in Figure 2.9
k 2.10, respectively. The parameters from Gaussian fits are listed in the upper-left corners of these
figures. We did not include the error histograms for Simulation 2 & 3 in this chapter, because they
all look similar to the error histograms of Simulation 1 (Figure 2.8, 2.9 & 2.10).
From Table 2.3 k 2.4, it can be seen that the errors of the means and each Fourier amplitudes
are consistent in all three simulations. As expected, Simulation 2 gave the largest errors because
the Gaussian noise generated in this simulation is bigger that other two simulations. Simulation 3
has the smallest errors, because this simulation is performed for one star. The errors for Simulation
1 is in between these two cases, which is typical. In addition, Table 2.3 k 2.4 shows that the mean
offsets of the simulated data and original data are very small. This can be seen in Figure 2.8-2.10,
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11
Figure 2.8 -Histograms of offsets for mean magnitudes in OGLE LMC Cepheids from light curve
reconstruction procedures. The x-axes are the offsets of the simulated mea^s from the original valuesand the y axes are the normalized counts. The dashed curves are the fitted Gaussian distributTon
to the histograms, with the parameters given in upper-left corners. Left and right panels are for V-and 1-band, respectively.
Table 2.3 -The results of error analysis from simulations in V-band. The Gaussian parameters a
and a are mean off-sets and errors, respectively, for the means and the Fourier amplitudes.
Simulation
1... 0.0014
-0.0121
-0.0063 0.0002 0.0063
2... 0.0006
-0.0174
-0.0062 0.0013 0.0095
3...
-0.0018
-0.0226
-0.0154
-0.0071 0.0059
Simulation
\... 0.0312 0.0355 0.0330 0.0259 0.0210
2... 0.0337 0.0393 0.0332 0.0280 0.0228
3... 0.0256 0.0324 0.0272 0.0242 0.0172
Table 2.4 -Same as Table 2.3, but for the I-band.
Simulation Mmean IJ^Al liA2 ^AA
1... 0.0012 -0.0071
-0.0053 0.0018 0.0048
2... 0.0010 -0.0109
-0.0052 0.0020 0.0064
3... -0.0042
-0.0132
-0.0039 0.0018 -0.0004
Simulation ^mean oai (^A2 <^A3 (^AA
1... 0.0283 0.0226 0.0195 0.0158 0.0130
2... 0.0348 0.0253 0.0206 0.0175 0.0145
3... 0.0251 0.0208 0.0163 0.0156 0.0108
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Figure 2.9 -Histograms of offsets for the V-band Fourier amplitudes in OGLE LMC Cepheids form
light curve reconstruction procedure. The dashed curves are the fitted Gaussian distribution to the
histograms, with the parameters given in upper-left corners.
as all histograms are almost centered at zero. Therefore, no bias introduced by the reconstruction
procedure, because all four Fourier amplitudes are tightly clustered around the "true" values given
by the original well sampled Cepheid. The simulations suggests that with typical i/5r Cepheid data,
it is meaningful to fit a 4"^-order Fourier expansion and that our direct Fourier fitting procedures
for estimating V- and I-band means are not biased.
2.5 Conclusion and Discussion for this Chapter
The light curve of a Cepheid can be reconstructed with the Fourier techniques described in this
chapter. In particular, the quality of the reconstructed light curves can be improved by restricting
the range of Fourier amplitudes can take in the Fourier fit. These ranges are obtained from well
sampled Cepheid light curves in the Galaxy and Magellanic Clouds. This technique can be applied to
the 12 V-band HST data with a 4*''-order fit. While for the 4 I-band HSTdata, we apply the Fourier
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Figure 2.10 -Same as Figure 2.9, but for the I-band.
interrelations to reconstruct the I-band light curves. Monte-Carlo simulations are also performed to
estimate the errors in these light curves reconstruction procedures when applied to the HST data.
Our simulations show that these reconstruction procedures are unbiased and the errors of the mean
magnitudes and the Fourier amplitudes are around ~ 0.03mag.
In general, these relatively simple techniques can reconstruct the Cepheid light curves quite well,
given that the data points are relatively uniform and well sampled. These techniques serve as an
alternative method to obtain the mean magnitude of Cepheids besides phase weighted intensity
mean and template fitting procedures. However, the detailed comparisons between these methods
are beyond the scope of this chapter. Some examples of the reconstructed light curves for extra-
galactic Cepheids with these Fourier techniques are presented in Figure 2.11, which show good
agreements to the observed data points. We discuss some related issues as follow:
1. The Correlations of Fourier Amplitudes: It has been suggested that the higher order
Fourier amplitudes shown in Figure 2.3 are correlated with the first order Fourier amplitude
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-Examples of the reconstructed light curves in nearby galaxies. The V-band light curves(left panel) are reconstructed via 4'''-order Fourier expansion, and the I-band light curves (r ghpanel) are reconstruct via the Fourier interrelations. ^ ^
(^i) in the same bands (the Fourier intrarelations). These have been examined, for example,
by Antonello et al. (1987) and in the Appendix B. However, the Fourier intrarelations are less
preferable than Fourier interrelations for reconstructing the Cepheid light curves. The reasons
are discussed in following examples and in Appendix B.
Here, we reexamine the results of Antonello et al. (1987) with our data sets and compare them
to the Fourier interrelations. We used the data in Figure 2.3 and we re-plot the Ai-A2 Fourier
intrarelations and the Ai{V)-Ai{I) Fourier interrelation in Figure 2.12. The "Calibrating set"
Cepheids and OGLE LMC Cepheids are in left and right panels, respectively. In the figure, we
distinguished Cepheids with different period ranges: (a) Cepheids with periods shorter than 8
days (short-period Cepheid, crosses); (b) Cepheids with period in between 8 to 14 days (bump
Cepheid, triangles); and (c) Cepheids with periods longer than 14 days (long-period Cepheid,
filled circles). The top two panels in Figure 2.12 are Fourier intrarelations in V- and I-band
respectively, and the bottom panel is the Fourier interrelations of Ai(V) and Ai{I). It is clear
from the figure that the scatter of A1-A2 intrarelations are larger than the scatter of Ai{V)-
Ai{I) interrelations. Furthermore, the short-period, bump and long-period Cepheids populate
diff'erent regions in the plots of intrarelations, as is also seen in Antonello et al. (1987). In
contrast, The tightness of correlations in the Fourier interrelations is clear, and less dependent
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on period distribution. The» .wo properties make Fourier interrelation,
.ore applicable in
reconstructing the light curves than Fourier Intrarelations.
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corre ations for A.-A, and A,{V)-A,iI). Crosses are for Cepheidth p rio horter than 8 days; tr.angles are for Cepheids with period in between 8 to 14 days andhlled crcles are for Cepheids with period longer than 14 days. Error bars are omitted for clarity Sfiand right panels are for the "calibrating set" Cepheids and the OGLE LMC Cepheids, respectively.
2. The Template Light Curves and the Short Period Cepheids: From Figure 2.3, it can
be seen that the distribution of the Fourier amplitudes at periods longer than 10 days (or
log(P) > 1.0) show certain trends, which can be used to construct templates light curves a^i
a function of period, zs given in Stetson (1996). We compared the second Fourier amplitude
coefficient (^2) calculated from Section 2.2 with the template light curves defined in Stetson
(1996) for the "calibrating set" and the OGLE LMC Cepheids. The results is shown in Figure
2.13. Since the data in this figure are well sampled data, it is safe to assume that the progression
olAi with period is a good representation of reality. The bottom panel shows the same Fourier
amplitude calculated using the template method. It can clearly be seen that almost at all
periods the range of A2 at given period is larger than it would be predicted by the Stetson
(1996) technique.
The relatively large ranges of the Fourier amplitudes for short period Cepheids (log(P) < 1.0)
is one reason for using the Fourier techniques presented in Section 2.2 to reconstruct the
Cepheid light curves. In contrast to the long period Cepheids, the Fourier amplitudes for
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short period Cepheids do not show any obvious trends but scatter around certa.n ranges (as
given in Table 2.1). For example, at a given short per.od, ^V^ .ay occupv the range fro.
~ 0.1 to ^ 0.4. Therefore, extra care ha. to be taken when applying template fitting to the
Cepheids with periods less than 10 days. In fact, at periods shorter than log(P) < 0 85 the
template techniques do not apply (Stetson, 1996) but the Four.er techniques still holds good
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sh^Tl. . 7rr" . ' t^^hniques and template methods. The upper panelsow the values of from direct Fourier fit with the method described in Section 2.2, and the lowerpanels show the values of A2 by using the template light curves given by Stetson (1996). Since thetemp ate hght curves are undefined for log(p) < 0.85, Cepheids with period shorter and longer than
log(p) 0.85 are represents as open circles and filled triangles, respectively. Left and right panels
are for the calibratmg set" Cepheids and the OGLE LMC Cepheids, respectively.
Although the extra-galactic Cepheids discovered in the past 775T observations generally have
period longer than 10 days, some short period period Cepheids have been discovered in Local
Group galaxies IC 1613 (Dolphin et al., 2001) k Leo A (Dolphin et al., 2002) with HST and
ground based observations, respectively. Hence for observing Cepheids at short period, the
Fourier techniques are still useful to reconstruct the light curves. With the new installation of
ACS (Advanced Camera for Survey) in HST, the discovery of more short period Cepheids in
other galaxies is possible.
3. The Effect of Metallicity: One motivation for studying direct Fourier techniques to recon-
struct Cepheid light curves is to deal with the possible metallicity dependence in Cepheids.
Antonello et al. (2000) shown that the metallicity may affect the shapes of light curves close
to 10 days, based on the comparison of Cepheid light curves in two galaxies. The appropriate
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ranges of the Fourier paran^eters (a. given in Table 2.1) are assumed to cover the possible
ranges due to the different metallicity environments. In addition, the Fourier interrelations
are shown to be only weakly dependent on the metallicity though this does not mean that the
actual light curve shape is independent of metallicity.
The template light curves defined by Stetson (1996) are obtained from the Galaxy (Z = 0 020)
LMC iZ = 0.008) and SMC (Z = 0.004), with sample of ^ 30 - 45 Cepheids in each galaxies!
Stetson (1996) looked for and failed to find differences between the Galactic, LMC and SMC
Cepheids in terms of their amplitudes and light curve shapes sufficient to change the estimation
of mean magnitudes. However, much more data is available now. Paczynski & Pindor (2000)
found statistically significant different amplitudes between the Galactic/LMC/SMC Cepheids
in the period range 1.1 < log(P) < 1.4, in the sense that higher metallicity Cepheids have
higher amplitudes. Moreover, in the period range 0.0 < log(P) < 0.95, the amplitudes ratio of
R21 and /?3i for Cepheids in LMC (Andreasen & Petersen, 1987) and SMC (Andremsen, 1988a)
are found to be larger than the Galactic Cepheids. This may due to the different metallicity
environments, at lea^t for the case of the SMC (Buchler & Moskalik, 1994). Further some
established workers in the field have found varying PC relations between the Galaxy, LMC
and SMC and subsequently different PL relations (Tammann et al., 2002, 2003; Ngeow k
Kanbur, 2004; Storm et al., 2004). Thus while it may be that template methods yield a
sufficiently accurate mean in varying metallicity environments, we contend that the issue of
light curve shape and metallicity needs to be revisited in the light of the data now currently
available.
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CHAPTER 3
THE EXTRA-GALACTIC CEPHEID DISTANCE SCALE FROM LMCAND GALACTIC PL RELATIONS
In this chapter, we re-calibrate the Cepheid distance to some nearby galaxies observed by the HST
Key Project (KP) and the Sandage-Tammann-Saha (STS) group. We use much of the Key Project
methodology in our analysis but apply new techniques, ba.ed on Fourier methods to estimate the
mean of a sparsely sampled Cepheid light curve, to published extra-galactic Cepheid data. We also
apply different calibrating PL relations to estimate Cepheid distances, and investigate the sensitivity
of the distance moduli to the adopted calibrating PL relation. We re-determine the OGLE LMC PL
relations using a more conservative approach and also study the effect of using Galactic PL relations
on the distance scale.
For the KP galaxies after accounting for charge transfer effects, we find good agreement with
an average discrepancy of -0.002 and 0.075mag. when using the LMC and Galaxy, respectively, a^i
a calibrating PL relation. For NGC 4258 which has a geometric distance of 29.28mag., we find a
distance modulus of 29.44 ± 0.06(random)mag., after correcting for metallicity. In addition we have
calculated the Cepheid distance to 8 galaxies observed by the STS group and find shorter distance
moduli by
-0.178mag. (mainly due to the use of different LMC PL relations) and
-O.lOSmag. on
average again when using the LMC and Galaxy, respectively, as a calibrating PL relation. However
care must be taken to extrapolate these changed distances to changes in the resulting values of the
Hubble constant because STS also use distances to NGC 3368 and NGC 4414 and because STS
calibration of SN la is often decoupled from the distance to the host galaxy through their use of
differential extinction arguments.
However, after correcting for metallicity effects, the difference between the distance moduli ob-
tained using the two sets of calibrating PL relations becomes negligible. This suggests that Cepheids
in the LMC and Galaxy do follow different PL relations and constrains the sign for the coefficient
of the metallicity correction, 7, to be negative, at least at the median period log(P) 1.4, of the
target galaxies.
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3.1 Cepheids and the Extra-Galactic Distance Scale
The extra-galactic distance scale is one of the key problems in modern astronomy. One of the
basic parts of the solution is the correlation between period and mean lummosity (PL) obeyed by
classical Cepheids. The Hubble Space Telescope (HST) Key Project (FVeedman et al 2001
hereafter KP in th:s chapter) has used Cepheids (discovered either by ground-based telescopes or
by HST) in 31 spiral galaxies, with 18 of them observed originally by KP, and the PL relation to
estimate the distances to these galaxies. These distances were then used in turn to calibrate a host
of secondary distance indicators^ and hence estimate Hubble's constant. In parallel with this a
team led by Sandage et al. (Saha et al., 2001b, hereafter STS in this chapter) ha. used the HST
to discover Cepheids in spiral galaxies which host Type la supernovae. Cepheid distances to these
galaxies were used to calibrate the Hubble diagram for Type la supernovae and hence estimate the
Hubble's constant.
Though both groups used mostly i/5T observations to discover the Cepheids and similar method-
ologies, the KP team favor a short distance scale and a larger value of Ho (72 ± %kms-'Mpc-\
FVeedman et al., 2001), whilst the STS group favor a long distance scale and smaller value of Ho
(58.7 ± ^.Zkms-'Mpc-\ Saha et al., 2001b). The discrepancy in the value of the Hubble constant
from these two groups is still unresolved (e.g., see Hendry k Kanbur, 1996; Beaulieu et al., 1997;
Kochanek, 1997; Sasselov et al., 1997; Tanvir et al., 1999; Caputo et al., 2000b; Gibson et al., 2000;
Gibson & Stetson, 2001). It is due only in part to the Cepheid distance scale. We note that the
recent WMAP results (Spergel et al., 2003) find a Hubble constant very similar to the value obtained
by KP. Nevertheless it is still very instructive to discover the rea^ion behind the discrepancies in the
Cepheid distance scale from the STS and KP groups. A proper understanding of the Cepheid PL
relation in this regard is very important for an accurate local distance scale.
In this chapter we concentrate on re-calibrating the Cepheid distance to the target galaxies in
both KP and STS groups with existing data because of the following factors:
1. HST Cepheid data is sparsely sampled with typically 12 and 4 points per Cepheid in the V-
and I-band respectively (see Kanbur et al., 2003, for details). In order to apply the Cepheid
PL relations, it is necessary to estimate the mean magnitudes from these data in both V- and
I-band. We use the techniques of Fourier expansion and interrelations, as described in Chapter
2, to estimate the V and I mean magnitudes from sparsely populated light curves.
^Including Tully-Fisher relation, surface brightness fluctuation method, Type la and II supernova luminosity and
fundamental plane relation.
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2. The average value of rnetalhcities, defined a. 12 4- log(0/i/), in target galaxies is about
8.84 ± 0.3Ue. (Preedman et al., 2001). This value is closer to the standard Solar value of
8.87 ± O.OTdex (Grevesse et al., 1996) than the LMC value of 8.50 ± OMde. (see reference
in Ferrarese et al., 2000). Therefore, another approach is to use Galactic Cepheid PL rela-
tions a. fundamental calibrating relations (Feast, 2001, 2003; Fouque et al., 2003; Tammann
et al., 2003; Thim et al., 2003). In addition, we used the LMC PL relation derived from the
re-analyzed of the OGLE (Optical Gravitational Lensing Experiment) LMC Cepheids (Udal-
ski et al., 1999b) on the basis of the quality of their V-band light curve, and develop more
conservative LMC PL relations ba.ed on this analysis (Kanbur et al., 2003). This approach is
different to the "sigma-clipping" methods currently used by Udalski et al. (1999a). We also
investigate the sensitivity of extra-galactic Cepheid distances to the LMC PL relation. We
compare the distances obtained when using both the LMC and Galactic PL relations.
3.2 General Methodology for Deriving the Cepheid Distance
The physical ba^is of Cepheid PL relations and their usage in determining the distance have
been covered extensively in the literature (e.g., see Sandage & Tammann, 1968; Feast k Walker,
1987; Madore & Freedman, 1991; Freedman et al., 2001) and would not be repeated here, only a
brief description will be presented. The application of the Cepheid PL relation to estimate dis-
tances involves the discovery and appropriate observation of Cepheids in a target galaxy that are
sufficient to estimate their periods (in days) and mean magnitudes. Observations of extra-galactic
Cepheids by HST are normally taken in the bandpaases of V and I, for the purpose of correcting the
extinction/reddening. In order to avoid the incompleteness bias at the faint end of the observations
(see Sandage, 1988; Lanoix et al., 1999a; Freedman et al., 2001), a period cut to the short period
Cepheids in the target galaxy is commonly applied (see, for example, Freedman et al., 2001; Leonard
et al., 2003). Then for the remaining N Cepheids, the following procedures are adopted to obtain
the distance:
1. The PL relation that used to calibrate the Cepheid distance in bandpass A can be expressed
as: Mx = ax log(P) + bx, where a and b are the slope and zero-point, respectively. From the
measurement of the apparent mean magnitudes for the i"* Cepheids in a target galaxy, m{,
the apparent distance modulus in bandpass Ms n{=m\- ax log(P,) - 6a. Then the distance
modulus in bandpass A for these Cepheids can be obtained by taking the unweighted mean to
individual Cepheids, i.e. = jj YliLi Ma-
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2. Since ;.o
- - = - Ar, the reddening-free distance modulus, or the Wessenheit
function (Madore, 1982; Moffett & Barnes, 1986; Madore & FVeedman, 1991; Tanvir vm-
Leonard et al., 2003,
,
see Chapter 7 also for more details), can be derived a«-
Mo = fly - R{HV - fil),
(3.1)
where R = Ay/EiV - /) is the ratio of total-tcselective absorption. Note that the validity of
equation (3.1) is ba.ed on the assumption that there are no correlated measurement errors in
the V and I bandpasses. Then any differences in the V- and I-band distance moduli are due
to differential reddening (see Saha et a!., 1996, 2001b, for details).
3. The reddening-free distance modulus for the i'" Cepheid can be calculated with equation (3.1),
and it is straight forward to show that:
= yvE/^o (3.2)
1=1
= W- RiW - /x7), (3.3)
where /xj, = /i^ - R{ij\,
-fx)).
Finally, due to the possible metallicity dependence of the Cepheid PL relation (see the dis-
cussions and reference in, e.g., Kennicutt et a!., 1998; FVeedman et al., 2001), metallicity
corrections are added to /xq:
Hz = /io + (5z, (3.4)
where 6^ = '){\0/H]rej - \0/ll\gai) with the usual definition of [0/U\ = \2 + \og{0/H).
The reference metallicity, [0/H]ref, is &.50dex and 8.87dex for using LMC and Galactic PL
relations, respectively. Note that the value of 7 is method-dependent, i.e. it depends on the
bandpasses and calibrating PL relation adopted.
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Th. procedure (see, for example, I^eedman et al., 2001; Leonard et al.. 2003; Kanbur et al
2003; Tanvir, 1997), ..e. calculatmg the distance modulus for individual Cepheids and takmg the
unweighted average to be the final distance modulus to that target galaxy (equation [3.2]) is e,uiv
alent to fitting the V- and I-band PL relations to the data and obtaining the and ^ that
apply to equation (3.3). Other reasons for taking the unweighted mean are: (a) the photometric
errors of the mean magnitudes are smaller than the expected width of the instability strip (which
cause an intrinsic dispersion for the PL relation), which are, together with other systematic er-
rors, the dominant part of the weight in a weighted mean (Leonard et al., 2003); and (b) it can
be easily incorporated with the weighting scheme adopted by the STS group (Tanvir, 1997) Al-
though both equations (3.2) and (3.3) give the same distance modulus, equation (3.2) assumes that
MO = /zv - R{^^v - M/) is applicable to tndividual Cepheids in a target galaxy, while equation (3.3)
assumes that Mo = - R{,.v - M/) is only applicable to an ensemble of Cepheids in the same target
galaxy. Here we adopt the first approach (equation [3.2]) to calibrate the Cepheid distance, a. this
is also applied in KP.
For the parameters needed in this procedure, we discuss the adopted PL relations in the next
section. For the value of R in equation (3.1) or (3.3), we adopt R = 2.45 from Cardelli et al. (1989)
a^ in KP, although the STS team prefer a value of 2.43 (Saha et al., 2001b). For the value of 7 in
equation (3.4), some published values of 7 range from -0.88 ±0.16 & -0.56 ±0.20 (Gould, 1994),
-0.44l°:io (Beaulieu et al., 1997; Sasselov et al., 1997), -0.4 ±0.2 (Kochanek, 1997), -0.32 ±0.21
(Preedman & Madore, 1990), -0.24 ± 0.16 (Kennicutt et al., 1998) to 0.27 (Caputo et al., 2000b).
Strictly speaking, the metallicity dependence quoted in Kennicutt et al. (1998) is only applicable
when the Madore k Preedman (1991) PL relation is used, and then only for the V and I bandpasses.
Although there is some debate on the value for 7 (see Freedman et al., 2001; Tammann et al., 2002,
for details), we adopt 7 = lv,i = -0.2 ± 0.2mag dex'' as in KP, who note that this value is in
the middle of a number of different determinations of 7. Changes in metallicity affect the mean
brightness of a Cepheid and the papers quoted above were aimed at quantifying this brightness shift
due to metallicity. However, we now know that the Cepheid PL relation has a different slope in the
Galaxy and LMC, and indeed may have two different slopes in the LMC itself. Thus it may be that
metallicity affects not only the mean brightness of a Cepheid but also the way that mean brightness
changes with period (the slope of the PL relation).
Since we are using the published photometry data to calculate the distance modulus, we share
the same systematic errors as in the published results. These include the uncertainty in the zero
point of the PL relation, calibration of photometric zero points, reddening and metallicity effects.
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incompleteness bias and crowding. The order of a typical systematic error is around ^0.1-0 2mag
We discuss the calculation of random (or statistical) errors in the next subsection.
3.2.1 A Note on the Random Errors for /xq
By definition, the random error for ZZ - J- a,,^ f i . • • ,l M - ;v 2.,=! M , due to purely statistical fluctuations, is:
1
N(N~l) E(^'-m)'. (3.5)
i=l
This equation holds for the JT, and JTo (from equation [3.2]). We can expand the expression for
by substituting the expression for /x^ and M to the above equation, then:
1
= (1 - i?)2a^ + _ cORRvi, (3.6)
where a^, and a? are given by equation (3.5), and CORRv.; = Zl^if^'v - J^M ~ JU),
a term for the correlated residuals from both bands (Tanvir, 1997; Preedman et al., 2001). This
random error, as given in equation (3.5), is for the distance modulus /xq obtained from equation
(3.2). Note that the use of equation (3.5) to estimate the random errors for the Cepheid distance
modulus ha^ been practiced in the literature (e.g., see Freedman et al., 2001; Kanbur et al., 2003).
On the other hand, if we apply the standard equation for the propagation of errors (POE) to
equation (3.3), by ignoring the correlation term, then we have al{POE) = (1 - /?)V^ + R^aj. By
comparing this expression to equation (3.6), we obtain:
aliPOE) = al+ CORRv^/. (3.7)
One immediately can see that a^{POE) is always greater than since the term CORRv/ is most
likely to be positive. This is because (a) R > I from the extinction curve; and (b) ECMv- " -
JIJ) is mostly likely to be positive. The second condition is due to the existence of the period-
luminosity-colour relation: if the V-band magnitude for a Cepheid is above (or below) the ridge-line
of the V-band PL relation, then the corresponding I-band magnitude will also be above (or below)
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the ridge-line of the I-band PL relation. The result is that if (,V -W) is positive (or negative), then
(M) is also positive (or negative), and hence the product of these two is positive. Further, if the
extinction and/or the correlated errors (from measurement) make (,V -HV) to be posit.ve/negative,
then (M} - M/) is also going to be positive/negative, and again the product will be positive. Errors
estimated from error propagation, i.e. using equation (3.3), will ignore the CORRyj term and hence
resulted a larger random error than the random error estimated from equation (3.5). We will use
the random error calculation from equation (3.6) in this chapter and in other subsequent chapters.
Note that all the errors discussed here, the a, are random errors only, which do not include the
systematic errors such as the errors arise from the calibrations, the width of the instability strip,
and others (see, e.g., the discussion by Saha et al., 2000).
3.3 HST Data and Analysis
The target galaxies that are selected in this study include: 16 KP galaxies, 8 STS galaxies
and NGC 4258, which ha^ an a<;curate geometrical distance measurement from water maser studies
(Newman et al., 2001, hereafter WM galaxy in this chapter). The photometry data and the pub-
lished periods for the Cepheids in each target galaxy were directly obtained from the corresponding
published papers. There are two major photometry reduction packages used in reducing the data
for these galaxies, the ALLFRAME (Stetson, 1994, 1996) and a variant of the DoPHOT (Schechter
et al., 1993; Saha et al., 1996) package. The photometric data for the KP and STS-f-WM galaxies
are obtained from the ALLFRAME (except for NGC 2541 and NGC 4321 which are only available
in DoPHOT) and the DoPHOT, respectively. We emphaiiize that we did not repeat the photometric
reduction from raw data. The list of the target galaxies can be obtained from Table 3.1.
Most of the //5T observations of extra-galactic Cepheids contain only 12 V-band epochs and 4
(or 5) I-band epochs. These observations use a power-law time series sampling strategy to minimize
the aliasing problem and maximize the phase coverage of the observed data points within the ob-
serving windows (Freedman et al., 1994; Kennicutt et al., 1995). In order to reduce the bias due
to sampling procedures, STS and some early KP observations used phase-weighted intensity means
to find mean magnitudes in the V-band. The I-band mean magnitudes were found via empirical
relations developed by Freedman (1988) and Labhardt et al. (1997) for KP and STS observations,
respectively. Other KP observations used a template-fitting procedure (Stetson, 1996) to obtain the
mean magnitudes in both V- and I-band simultaneously. In addition to the methods mentioned,
Ngeow et al. (2003) recently developed an alternative method to obtain the mean magnitudes, which
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is ba^ed on Fourier techniques. Ngeow et al. (2003) give specific examples of situations when such a
method could be preferable to template based techniques. Another motivation for developing these
Fourier techniques is the possibility of reconstructing observed HST light curves to compare with
models. We apply the Fourier method as described in Chapter 2, i.e. using the constrained Fourier
expansion to the V-band data and the Fourier interrelation to the I-band data, to all target galaxies
in order to be consistent in doing the analysis, and also to test this new method in the distance scale
problem.
Although the filters installed on the HST ^re close to the standard Johnson and Kron-Cousins
system, i.e. F555W^
~ V and F814W^ ~ /, conversions from the passbands to the standard
photometry systems have been used by both KP and STS teams. For the case of the ALLFRAME
photometry reduction in the KP galaxies, the conversions are made during the reductions with the
formulae suggested by Holtzman et al. (1995), hence the published photometry of the Cepheids
are in standard bands. A similar situation regarding the conversion holds for the two KP galaxies
with DoPHOT photometry (NGC 2541 & NGC 4321) and the WM galaxy. For STS galaxies with
DoPHOT photometric reductions, the conversions are applied after the reductions to the calculated
mean magnitudes (see equations [5] k [6] in Saha et al. 1994 for WFPC; and equations [2] & [3] in
Saha et al. 1996 for WFPC2). These conversions have been applied to STS galaxies in Table 3.4 k
3.5. The derived mean magnitudes in both V- and I-band for the Cepheids used in this study can
be found in Kanbur et al. (2003). These mean magnitudes, together with the adopted PL relations
(discussed in the next sub-section), can be used to obtain the Cepheids distances (/xq) to the target
galaxies.
There are two additional treatments for /xq before the final distance moduli can be adopted.
They are the corrections for the charge-transfer efficiency (CTE) and the metallicity corrections, as
we discuss below:
1. CTE Correction: The CTE for WFPC2 is a complicated issue. Simply speaking, it has been
found that the performance of the WFPC2 depends on the exposure time, which lead to the
"long-vs-short" exposure corrections, and other factors (see Stetson, 1998; Freedman et al,
2001, for more details). The published photometry data for KP galaxies were based on the
Hill et al. (1998) calibration, but the final results presented in Freedman et al. (2001) are in
the Stetson (1998) calibration. To convert the calibration from the Hill system to the Stetson
system, a correction of Scte = -0.07 ± 0.02mag. is added to the distance modulus (Mould et
al., 2000; Freedman et al., 2001). In contrast, the STS galaxies adopted the Holtzman et al.
43
Table 3.1 -The CTE and metallicitv corrections for HST efi\„y\^^
Galajcy
(1)
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NG(;
NGC
NGC
NGC
NGC
NGC
NGC
NGC
925
1326
A
1365
2090
2541
3031
3198
3319
3351
3621
4321
4414
4535
4548
4725
7331
IC 4182
NGC 3627
NGC 3982
NG(^ 4496A
NGC 4527
NGC 4536
NGC 4639
NGC 5253
NGC 4258
^ceph
(2)
[o///r
(3) (4)
(see text for detaili-
KP Galaxies
72
15
47
30
29
17
36
33
48
59
42
8
47
24
15
13
8.55 ±0.15
8.50 ±0.15
8.96 ± 0.20
8.80 ±0.15
8.50 ±0.15
8.75 ±0.15
8.60 ±0.15
8.38 ±0.15
9.24 ± 0.20
8.75 ±0.15
9.13 ±0.20
9.20 ±0.15
9.20 ±0.15
9.34 ±0.15
8.92 ±0.15
8.67 ±0.15
0.010
0.0
0.092
0.060
0.0
0.050
0.020
-0.024
0.148
0.050
0.126
0.140
0.140
0.168
0.084
0.034
STS Galaxies
27
25
14
45
13
31
15
5
8.40 ± 0.20
9.25 ±0.15
(8.9 ±0.4)
8.77 ±0.1
5
(8.9 ±0.4)
8.85 ±0.15
9.00 ±0.15
8.15±0.15
-0.020
0.150
0.080
0.054
0.080
0.070
0.100
-0.070
WM Galaxy
15 8.85 ±0.15 0.070
(5)
-0.064
-0.074
0.018
-0.014
-0.074
-0.024
-0.054
-0.098
0.074
-0.024
0.052
0.066
0.066
0.094
0.010
-0.040
-0.094
0.076
0.006
-0.020
0.060
-O.OO'l
0.026
-0.144
-0.004
(6)
-0.07
-0.07
-0.07
-0.07
-0.07
0.0"=
-0.07
-0.07
-0.07
-0.07
-0.07
-0.07
-0.07
-0.07
-0.07
-0.07
O.O'^
0.05
0.05
0.05
0.05
0.05
0.05
0.0<=
0.0'
^
[O/II] = 12 + log(0///), adopted from Ferrarese et al. (2000), except for NGC 3982 (Stetson
& Gibson, 2001) and N(;(; 4527 (Gibson & Stetson, 2001).
^(5. = (-0.2 ± 0.2) mag dc.x-\[0/n\,,f - \0/H]). For LMC, [O/llUj = SWdcx and for
Galactic, lO/H]ref = 8.87dex.
Since the observations of NGC 3031, IC 4182 and NGC 5253 were done with WFPC (not
WFPC2), CTE correction is not included. The reduction of NGC 4258 used Stetson's (1998)
calibration (Newman et al., 2001), no CTE correction is needed.
(1995) calibration, which leads to a correction of Scte = 0.05mag. (see Saha et al. 2001a for
example). The calibration used in the WM galaxy is in the Stetson system (Newman et al.,
2001), hence no CTE correction is needed. Note that no CTE correction is added to the three
galaxies (IC 4182, NGC 3031 & NGC 5253) observed with WFPC^ in the early days of IIST.
The CTE corrections for all target galaxies are summarized in the column 6 of Table 3.1. The
CTE corrected distance modulus is referred aa ho,cte-
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2. Metallicity Correction: Due to metallicity differer^ces between target galaxies and the LMC,
metallicity corrections, a. given in equation (3.4), are commonly applied to ,octe (a. in
Freedman et al., 2001). The metallicity of the target galaxies, in terms of [O/H], is given in
column 3 of Table 3.1, and the corresponding metallicity corrections with respect to the LMC,
6.{LMCl are tabulated in column 4 for the same table. Although the (average) metallicity
of the target galaxies is closer to the Galactic value than the LMC (hence the metallicity
correction is small), there is no obvious reason for not applying the same metallicity correction
when using a Galactic calibrating PL relation. Therefore, we apply the same correction,
6AGAL), to the distance moduli as in the ca^e of using LMC PL relations. These metallicity
corrections are listed in column 5 of Table 3.1 for each target galaxies.
3.3.1 The Adopted PL Relations
In order to apply the PL relations to HST data, we only look for the published LMC and Galactic
PL relations that are available at the time of this study in both V- and I-band, and summarized in
this subsection. All of the adopted PL relations are listed in Table 3.2 and 3.3, for the V- and I-band,
respectively. Note that for the LMC PL relations in these tables, we adopt mla/c = 18.50mag., to
be consistent with KP.
I. The LMC PL Relations: The LMC PL relations used by both KP team (before the publi-
cation of their final paper) and STS team are based on a homogeneous sample of 32 Cepheids
(Madore k FVeedman, 1991, hereafter MF91). Since these PL relations have been extensively
used in determining Cepheid distances in the past, and the STS team still use these PL rela-
tions in their study (e.g., see Saha et al., 2001b), we adopt the MF91 relations as one of our
calibrating PL relations in this study.
After the publication of PL relations derived from OGLE LMC Cepheids (Udalski et al.,
1999a, hereafter U99), the KP team re-calibrated their Cepheid distances with these new
LMC PL relations in their final paper, as well as the Cepheid distance to NGC 4258 by
Newman et al. (2001). These reddening-corrected PL relations were derived using Cepheids
with log(P) > 0.4 to minimize possible contamination by first overtone pulsators and were
"sigma clipped", resulting in ~ 650 Cepheids used in deriving the PL relations. In order to
compare our results with published Cepheid distances, we also adopt the U99 PL relations.
The new U99 PL relations have dramatically changed Cepheid distances compared to distances
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derived fron, MF91 PL relations, in .he sense
.l,at the derived distances are smaller with U99
PL relations (Freedman et al., 2001).
There are some criticisms about the U99 PL relations in the literature. The U99 PL relations
are dominated by short period Cepheids (with < log(P) 0.5 and about 90% of them
have period shorter than 10 days), and a lack of longer period Cepheids with log(P) > l 5
(Fea^t, 2001, 2003; Saha et al., 2001b). However, Freedman et al. (2001), by using Sebo et
al. (2002) LMC data, claimed that the use of the OGLE LMC PL relations in estimating
distances to target galaxies whose Cepheids all had periods longer than the longest period
Cepheid observed by Udalski et al. (1999a) made little difference. Another potential problem
of the U99 PL relations is the discovery of a break in the PL relation at log(P) = 1.0, a«
shown in Tammann et al. (2002) and in Tammann & Reindl (2002), a. the long and short
period Cepheids follow different PL relations (see also Chapter 1.2.1). Hence we also adopt
the PL relations for long period Cepheids from Tammann & Reindl (2002, hereafter TR02)
since most of the extra-galactic Cepheids have periods longer than 10 days.
The OGLE LMC PL relations from U99 are obtained with using the sigma-clipping method,
which is an iterative procedure whereby the data are fitted with a regression and then those
points lying 2.5a away from the regression line are removed. A new regression is fitted and the
procedure continues for few cycles (Udalski et al., 1999a; Willick & Batra, 2000; Groenewegen,
2000). Therefore, it blindly removes all the outliers to reduce the scatter in the final fit.
However, this approach may both remove some true Cepheids from the data and include some
suspicious Cepheids in the final sample. In addition, Nikolaev et al. (2004) discussed some
flaws associated with the sigma-clipping algorithm, including the implicit assumption of the
normal distribution of the residuals and the sensitivity of the results to the chosen threshold
of ka.
Despite these potential problems, Kanbur et al. (2003) re-analyzed the same OGLE LMC
data as in Udalski et al. (1999a) to derive the LMC PL relations, but without processing the
sigma-clipping procedure. Instead, the fitted light curves (with constrained Fourier expan-
sions mentioned in Chapter 2.2) for these OGLE LMC Cepheids were visually inspected, and
eliminations of the Cepheids were carried out according to the following criteria: (a) Cepheid
with log(P) < 0.4; (b) Cepheid without V-band data; (c) Cepheids with unusual or poorly
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con«trucU.i V-.>a,n.l light curves; (d) Cepheid with flat or low amplitude light curves^ and (e)
Cepheids with „,..an .Magnitudes (alter extinction
..orrection) that are systematic fainter than
tlK- ridge-iiru- at constant period (.ay, . ,mag. in V-i.a„d). The detailed of tlu...
tio...s c:an be found in Kani.ur et al. (2003). The extinction corrected PL relations obtained
from the renwuning
.samples are presented in Table 3.2 & 3.3 as K03, and the correspon.ling
plots are given in Figure 3.1(a). In Figure 3.1(b), w<. plot out the positions of the elin.inated
Cepheids in PL plots. As can be seen from the figure, most of the outliers are rejected, as
with sigm,M:lipping. However, some eliminated Cepheids fall along the ridge-lines and w<,ul.l
not be rejected by the sigm^dipping method. Our philosophy is that >t is better to select
bona jidc. C-plu-ids, and ren.ove dubious Cepheids that c:an be eliminated base,] on physical
grounds. It is true that in th.. end there is little difference in o,.r V- a,id I-band PL relation
to that initially published by the OGLE team and used by Ih,. KP. Nevc-rtheless, in the age of
precision cosmology it is important to use appropriate data.
2. The Galactic PL Relations: Due to high extinction and less accurately known <listances to
Galactic Cepheids from othc-r indeix-ndcnt nu^hods, Galactic PL relations hav.. been consid-
ered less favorably in the extra^galactic distance scale application than LMC PL reflations (e.g.,
Kennicutt (-t al., 1995). However, th<- id(>a of using (Jalactic PL rc-Iations ha.s been revived
recently (Feast, 2001, 2003; Taimna.ui (;t al., 2003; Fouque et al., 2003; Thim et al., 2003) be-
cause not o.dy is the metallicity in many of th(! IIST observed target galaxies closer to Galactic
values, but also the current calibration of (ialactic PL relations has reccMitly been imijroved
(e.g., see Feast, 2003; Fouque et al., 2003). In addit ion, because- of some possible i)roblems as-
sociated with th(- OGLE LMC PL relations, including the- brc-ak at 10 days and the dominance
of short period Cepheids, and the possible small "depth effect" of LMC Cepheids (Groenewe-
gen, 2000; Nikolaev et al., 2004), using the Gahu t ic PL relations to ( aJibrate Cepheid distances
could be more desirable and can certainly |)rovi(le an in(le|)en(lent check of the LMC based
scale which is independent of the LMC distance modulus: this is currently the largest source
of systematic uncertainty in the extrar-galactic distance scale (iO.lmag.). This does not imply
It has been pointed out that it luny not l)c appropriate to eliminate those stars with a low pnlsatioiial amplitudes
as this may bias the LMC I'L relation. Such low amplitude (Cepheids do exist and are .seen in (ixternal galaxies.
These low amplitude stars are not first overtone i)ulsators since their light curve Fourier parameters fall in the region
occupi(!d hy I'undauKuitals. They lie in the instability strij) and do not have unusual colors for tli(!ir period. Thus
their luminosities, masses and temp('ratures are similar to otlK^r Cepheids of similar p<Tiod. So why do they have
such a low am|)litu<le? U could be that they have? a slightly different composition or are? just ent(;ring or l<!avinK t'le
fundamental mode instability strip (Muchler & Koll/ith, 2002). In this ciuse it is our contention that they should be
excluded from the sample since tlujy are (!(!pheids undergoing a transition.
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1.2 1.4
log(P)
log(P)
Figure 3.1 The LMC PL relations. Left: (a) The V- and I-band PL relations from the final OGLELMC sample, after correction for reddening. The best fit PL relations are indicated in solid lines
1 he dashed Imes show the 2a dispersion, as expected from the width of instability strip Right- (b)The locations of eliminated Cepheids in PL relations. The symbols are: filled circles = 3 Cepheids
with unusual light curves; open circles = 34 Cepheids with poorly reconstructed light curves- filled
squares = 43 Cepheids with low amplitudes and open triangles = 7 Cepheids that appear dimmer
(by ~ l.Omag. in V-band) from the ridge-line at given periods.
that the systematic uncertainly associated with Galactic PL relations is smaller, but if this is
true, the determination of Cepheid distances can be improved.
We pick three recent Galactic PL relations which have both V- and I-band PL relations. The
first Galactic PL relation is derived from 28 Cepheids using the Barnes-Evans surface brightness
technique (Gieren et al., 1998, hereafter GFG98). The updated version of GFG98 PL relations
has become available just recently. This includes 32 Galactic Cepheids in their sample (Fouque
et al., 2003, hereafter FSG03). The last Galactic PL relation is adopted from Tammann et
al. (2003), and includes the 28 Cepheids in GFG98 sample with an additional 25 Cepheids
from Feast (1999), referred as T03 in Table 3.2 and 3.3. We did not include the Galactic
PL relations resulting from the Hipparcos calibration because these PL relations assumed the
V-band slopes are the same as in LMC PL relations, and hence calibrate the zero-point only
(e.g., see Feast k Catchpole, 1997; Lanoix et al., 1999b; Groenewegen & Oudmaijer, 2000;
Feast, 2003).
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JT
OGLELMC(U99)
-2.760 ±0.031
-1.458^0 021 0 159 !lOGLELMC(K03)
-2.746 ±0.043
-1.401 toosj 0 223 fiS
-^^MCPIoiMiTR02^_^2^^
-1.7 ±0 2 0 16 47
Galactic (FSG03)
-3.06 ±0.11
-0.989^0 034
Galactic (T03)
-3.141 ±0.100
-0.826 ±0.119 0.24 53
Table 3.3 -The adopted I-band Period-Luminosity relations
Slope ( aj) ZP (67) JT
LMG(M^yi)
-3.06±0.07
-1.81±o:03 ^"^ITOGLELMC(U99)
-2.962 ±0.021
-1.942 ±0.014 0 109 658
PS^PT
'''^
-2.965 ±0.028
-1.889 ±0.019 aLMC PL>io, (TR02) -2.82 ±0.13
-2.09 + n 1.. o 12 -47
Galactic (GFG98)
-3.329 ±0.132
-1.435 ±0.037 0 194 W~
Galactic (FSG03)
-3.24 ±0.11
-1.550 ±0 034 •• 32
Galactic (T03)
-3.408 ±0.095
-1.325 ±0 114 0 23 53
3.4 Results for the Calibrated Cepheid Distances
We use the same Cepheids in each target galaxy that were used by the original KP or STS study
after various selection criteria (including the period-cut, color-cut and the quality of the Cepheids)
had been applied. The periods of the Cepheids in final samples were taken from the corresponding
papers. The Cepheid distances to these galaxies are obtained with the methods and procedures
described in previous sections (see also Kanbur et al., 2003). The results of the distance moduli are
presented in Table 3.4 and 3.5 when using both the LMC and Galactic PL relations respectively.
Note that the distance moduli in these tables have been corrected for CTE (column 6 in Table 3.1)
but not for metallicity effects, and all the errors in the tables are random (statistical) errors only.
3.4.1 Comparisons with Published Results
We compare our distance moduli, calculated using our Fourier techniques to estimate the V-
and I-band means, with published distance moduli. The only two PL relations we can use in
this comparison are the LMC PL relations from MF91 and U99, for STS and KP+WM galaxies,
respectively. The results of these comparisons are: A = 0.005 ±0.015mag. for the KP+WM galaxies;
and A = -0.075 ± 0.037mag. for the STS galaxies. In overall, the difference is small among all of
the 25 target galaxies, with a difference of -0.020 ± 0.017mag. (corresponding to ~1% change in
distance). This result implies that our method of calculating means is a viable alternative technique.
Ngeow et al. (2003) show that our method has advantages in some situations. The largest and
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Tii\Av.:iA TIk! (;(.|,|„
relalionji;
CJalaxy
i<l (lisUu.,:,. (wiU. CTIO (:(,rr.<:l,i„„) (,<. nearby galaxies with cJillcront, LMC I'l.
MF9r U99"
NG(; 925
NG(; l.TifiA
NCC I .'{(if,
NG(; 2090
NGC 25/1
1
NGC :m\
NGc; :{i98
NGC :{:{i9
NGC .mi
NGC ;«)2I
NGC 4;{2I
NGC 4']\A
NG(; '15:{5
NGC 45^18
NGC 4725
NGC T.VM
IC 4182
NGC :W27
NGC 3982
NGC 449()A
NGC 4527
NGC 45;{(i
NGC 4039
NGC 5253
NGC 4258
K03''
29.801 ± 0.060
31.102 \ 0.088
31.315 f 0.052
30.424 I 0.03(i
30.402 J 0.072
27.887 1 0.094
30.837 I 0.000
30.593 i 0.094
29.979 1 0.090
29.259 i 0.059
30.900 i 0.007
31.230 1 0.052
31.001 ± 0.054
30.807 ± 0.070
30.522 i 0.000
30.891 ± 0.083
29.730 ± 0.000
31.007 } 0.088
31.191 i 0.051
30.328 ± 0.030
30.355 1 0.071
27.800 1 0.0!)3
30.728 1 0.000
30.51 1 1 0.092
29.914 ±0.090
29.104 } 0,059
30.709 I 0.007
31.104 } 0.043
30.879 ± 0.053
30.783 ± 0.078
3f).399 J 0.007
30.800 i 0.078
29.718 10.000
30.998 1 0,088
31.180 ±0.051
30.319 ± 0.036
30.348 ±0.071
27.791 ± 0.093
30.721 ±0.060
30.501 ± 0.092
29.902 ± 0.090
29. 155 ±0.059
30.704 ± 0.007
31.099 ±0.044
30.874 ± 0.053
30.773 ± 0.078
30.393 ± 0.007
30.791 ±0.079
28.305 ±0.128
30.238 ± 0.083
31.714 ± 0.130
30.959 ± 0.043
30.755 ± 0.129
30.901 i 0.102
31.790 ± 0.108
27.881 ±0.244
28.334 ±0.130
30.134 ±0.084
31.599 ± 0.134
30.839 i 0.043
30.635 ±0.1 27
30.830 ±0.102
31.004 ± 0.105
27.873 J 0.240
TR02'^
29.744 ± 0.060
31.027 ±0.088
31.218 ±0.052
30.348 ± 0.030
30.378 t 0,071
27.818 J 0.093
30.751 ±0.060
30.528 ± 0.093
29.927 ± 0.090
29.184 1 0.059
30.798 ± 0.067
31.133 ±0.045
30.906 ± 0.053
30.800 A 0.078
30.420 ± 0.007
30.819 ±0.079
28.318 ±0.130
30.127 ±0.084
31.593 ±0.134
30.833 ± 0.043
30.029 ±0.128
30.820 ±0.102
31.059 ±0.106
27.854 ± 0.246
28.339 ±0.129''
30.157 ±0.083
31.624 ±0.135
30.865 ± 0.043
30.661 ±0.128
30.859 ±0.102
31.692 ±0.106
27.872 ± 0.245*^
29.435 ± 0.058 29.384 ± 0.056 29.370 ± 0.056 29.393 ± 0.057
" MF91
- Madorc k Freedmaii (1991) PL relations; U99 = Udaiski et al. (1999a) PL relations;
K03 Karibur et al. (2003) PL relations; TH,02 = Taninianri & Reindl (2002) I'L relation.s for
log(P) > 1.0. See Section 3.3.1 for details.
^ There are 12 Cepheids in this galaxy with period less than 10 days. If we use tiie I'L^k,,/
relations, a.s given by Tannnann k Reindl (2002), then fj, =^ 28.340 ± 0.130, which is identical
to tli(^ value with PL^io,/ relations.
" There arc; 2 CJejjheids in this galaxy with period less than 10 days. If we use the PL<io,i
relations, as given by Tamrnann & Reindl (2002), then fj, = 27.876 ± 0.246, which is very close
to the value; with PL>io,/ relations.
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Table 3.5 -The Cepheid distance (with CTE correction)
PL relations.
to nearby galaxies with different Galactic
Galaxy GFGgS'' FSGOS"^
NGC 925
NGC 1326A
NGC 1365
NGC 2090
NGC 2541
NGC 3031
NGC 3198
NGC 3319
NGC 3351
NGC 3621
NGC 4321
NGC 4414
NGC 4535
NGC 4548
NGC 4725
NGC 7331
T03«
IC 4182
NGC 3627
NGC 3982
NGC 4496A
NGC 4527
NGC 4536
NGC 4639
NGC 5253
NGC 4258
29.765 ± 0.061
31.093 ±0.090
31.336 ±0.053
30.415 ±0.038
30.464 ± 0.075
27.867 ± 0.098
30.842 ± 0.061
30.569 ± 0.096
29.936 ± 0.090
29.249 ± 0.060
30.929 ± 0.067
31.265 ±0.063
31.020 ±0.055
30.846 ± 0.078
30.541 ± 0.067
30.875 ± 0.091
28.285 ±0.129
30.237 ± 0.083
31.726 ±0.139
30.974 ± 0.043
30.771 ± 0.132
30.989 ±0.102
31.812±0.112
27.776 ± 0.243
29.768 ± 0.060
31.070 ±0.089
31.283 ±0.052
30.392 ± 0.036
30.430 ± 0.072
27.854 ± 0.095
30.805 ± 0.060
30.560 ± 0.094
29.946 ± 0.090
29.226 ± 0.059
30.869 ± 0.067
31.204 ±0.052
30.969 ± 0.054
30.834 ± 0.078
30.490 ± 0.066
30.858 ± 0.083
29.833 ± 0.061
31.166 ±0.091
31.414 ±0.053
30.488 ± 0.039
30.539 ± 0.075
27.939 ± 0.098
30.917 ±0.061
30.639 ± 0.096
30.004 ± 0.090
29.322 ± 0.061
31.008 ±0.067
31.344 ±0.064
31.097 ±0.055
30.917 ±0.078
30.618 ± 0.067
30.947 ±0.092
28.330 ±0.128
30.206 ± 0.083
31.682 ±0.136
30.926 ± 0.043
30.723 ±0.129
30.929 ±0.102
31.758 ±0.109
27.846 ± 0.243
28.346 ±0.129
30.311 ±0.083
31.802 ±0.139
31.051 ±0.044
30.848 ±0.132
31.068 ±0.102
31.890 ±0.113
27.834 ± 0.242
29.377 ± 0.062 29.401 ± 0.058 29.442 ± 0.062
* GFG98 = Gieren et al. (1998) PL relations; FSG03 = Fouque et al. (2003) PL relations; T03
= Tammann et al. (2003) PL relations. See Section 3.3.1 for details.
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in
are pre-
smallest difference comes from NGC 4639 and NGC 4414, with a difference of
-0.240 ± 0.245mag
and 0.004 ± 0.066mag., respectively.
We also compare our adopted results with published values by selecting the representative dis-
tance moduli obtained from both LMC or Galactic PL relations. We pick the distance moduli from
the derived OGLE LMC (K03) PL relations in Section 3.3.1 (i.e. column 4 of Table 3.4) and FSG03
PL relations to represent the LMC and the Galactic results, respectively. The CTE-corrected dis-
tance moduli,
^o,cr^, are listed in Table 3.7. However, the metallicity corrections are not required
in these comparisons because they are the same for published results and this work. The effect of
metallicity corrections are discussed in Section 3.4.3. The results of the comparisons are plotted
Figure 3.2 and the average difference between our distance moduli and the published values
sented in Table 3.6 for both the LMC and Galactic PL relations. The overall comparisons indicate
that our results are consistent with the published results. When using the LMC PL relation, our
distance moduli agree well with the KP results, but show a large discrepancy for the STS results
(-0.178mag.). A careful comparison of Table 3.4 with published results shows that this difference
arises from two sources: ~ O.lOmag. is due to the use of MF91 LMC PL relations by STS and
~ O.OTmag. is due to differences in the V- and I-band means when calculating the distance moduli.
However, when using the Galactic PL relations, our results are different by ~ O.lmag. compared to
both KP and STS results. Clearly, the use of Galactic PL relations increases the distance moduli.
Surprisingly, the distance modulus of NGC 4258 calculated from LMC PL relations is closer to the
water maser distance although the metallicity of this galaxy is nearly identical to the Solar value.
Table 3.6 -Comparisons with the published results
Case A(mag.)*
Using LMC PL relations
16 KP galaxies
-0.002 ±0.017
8 STS galaxies
-0.178 ±0.039*^
All 25 galaxies
-0.059 ± 0.023
Using Galactic PL relations
16 KP galaxies 0.075 ±0.018
8 STS galaxies
-0.108 ±0.038
All 25 galaxies 0.014 ± 0.024
* Mean Difference, A =< Ho,CTE{Here) - no,cTE{Pub.) >, the errors are the standard devi-
ations of the means.
^ This difference is mainly due to the different LMC PL relations used. See text (Section 3.4.1)
for details.
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M,.™(LMC)
"Sr^f"'°"'
^'^^ published results. The symbols are: crosses = 16 KP galaxies- ooen
KUd LMC PL relations. The dashed line is the average difference of -0.06. Right (b) Comoarisonof our results from the Galactic PL relations. The dashed line is the average difeence of "Si
3.4.2 Distance Moduli from Various PL Relations
Since the distance moduli listed in Table 3.4 are calculated using different LMC PL relations,
they can be compared. A quick comparison in Table 3.4 indicates that the MF91 PL relation always
give the longer distance moduli, and the shortest distance moduli are from the K03 PL relations.
The average difference between the distance moduli derived from MF91 and the OGLE LMC (K03),
for all target galaxies in Table 3.4, is about 0.105 ± 0.006mag. Comparing this result with the
previous case (i.e. Section 3.4.1) of using the same PL relations but different means magnitudes, the
distance modulus is more sensitive to different calibrating PL relations. Also, the distance moduli
from three OGLE LMC PL relations are consistent with each other within the statistical errors.
A similar situation exists when using Galactic PL relations, as shown in Table 3.5. The distance
moduli from both GFG98 and FSG03 Galactic PL relations are consistent with each other (with a
difference of ~ 0.024 ± 0.007mag., as there are 26 common Cepheids in both samples), while FSG03
PL relations produce a shorter distance. However, the distance moduli from T03 PL relations
are systematically further than the other two, although all three PL relations share some common
Galactic Cepheids. Nevertheless, the average difference between the distance moduli from T03 and
FSG03 is ~ 0.097 ± O.OOSmag., comparable to the difference seen in LMC PL relations.
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Table 3.7
-Comparisons of the
tions.
Galaxy
| Ho^cTEjLMC)
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
NGC
925
1326A
1365
2090
2541
3031
3198
3319
3351
3621
4321
4414
4535
4548
4725
7331
IC 4182
NGC 3627
NGC 3982
NGC 4496A
NGC 4527
NGC 4536
NGC 4639
NGC 5253
NGC 4258
29.718 ±0.060
30.998 ± 0.088
31.186 ±0.051
30.319 ± 0.036
30.348 ± 0.071
27.791 ± 0.093
30.721 ± 0.060
30.501 ± 0.092
29.902 ± 0.090
29.155 ±0.059
30.764 ± 0.067
31.099 ±0.044
30.874 ± 0.053
30.773 ± 0.078
30.393 ± 0.067
30.791 ± 0.079
distance moduli to target galaxies after CTE and metallicity
^i^{LMC)
correc-
29.728
30.998
31.287
30.379
30.348
27.841
30.741
30.477
30.050
29.205
30.890
31.239
31.014
30.941
30.477
30.825
28.318 ±0.130
30.127 ±0.084
31.593 ±0.134
30.833 ± 0.043
30.629 ±0.128
30.826 ±0.102
31.659 ±0.106
27.854 ± 0.246
28.298
30.277
31.673
30.887
30.709
30.896
31.759
27.784
29.370 ± 0.056 29.440
fio,CTE{GAL) uJGAL)
29.768 ± 0.060
31.070 ±0.089
31.283 ±0.052
30.392 ± 0.036
30.430 ± 0.072
27.854 ± 0.095
30.805 ± 0.060
30.560 ± 0.094
29.946 ± 0.090
29.226 ±0.059
30.869 ± 0.067
31.204 ±0.052
30.969 ± 0.054
30.834 ± 0.078
30.490 ± 0.066
30.858 ± 0.083
28.330
30.206
31.682
30.926
30.723
30.929
31.758
27.846
±0.128
± 0.083
±0.136
± 0.043
±0.129
±0.102
± 0.243
±0.243
28.236
30.282
31.688
30.906
30.783
30.925
31.784
27.702
29.401 ±0.058 29.397
29.704 29.80 ± 0.04 29.81
30.996 31.04 ±0.10 31.04
31.301 31.18 ±0.05 31.27
30.378 30.29 ±0.04 30.35
30.356 30.25 ± 0.05 30.25
27.830 27.75 ± 0.08 27.82
30.751 30.68 ± 0.08 30.70
30.462 30.64 ± 0.09 30.62
30.020 29.85 ±0.09 30.00
29.202 29.08 ± 0.06 29.11
30.921 30.78 ± 0.07 30.91
31.270 31.10 ±0.05 31.24
31.035 30.85 ± 0.05 30.99
30.928 30.88 ± 0.05 31.05
30.500 30.38 ± 0.06 30.46
30.818 30.81 ±0.09 30.84
28.36 ± 0.09
30.22 ±0.12
31.72 ±0.14
31.03 ±0.14
30.72 ±0.12
31.10 ±0.13
32.03 ±0.22
28.08 ± 0.20<^
29.40 ± 0.09 29.47
* Published distance moduli for KP galaxies are taken from Freedman et al. (2001), Table 4.
The distance moduli for STS galaxies and WM galaxy are taken from series of STS papers
and Newman et al. (2001), respectively.
^ Saha et al. (1994) assumed Ay = Aj = 0, hence n = {fiy + /i/)/2.
The paper (Saha et al., 1995) did not list out the final /x, hence this value is calculated via
equation (3.1) with fxy and /i/ given in the paper.
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Table 3.8 ^Comparisons of metallicity-corrected Histance moduli.
^^^g A (mag.)'^
Without metallicity correct ion
16 KP galaxies
-0.077 ± 0.005
8 STS galaxies
-0.070 ± 0.015
AH 25 galaxies
-0.073 ± 0.006
With metallicity correction
16 KP galaxies
-0.002 ±0.005
8 STS galaxies
-0.003 ± 0.018
All 25 galaxies
-0.001 ± 0.007
^ - "^"^'^ '^-^
-ieviation, of the
1
are
3.4.3 The Effect of the MetalHcity
As well a. comparing our results with the published values, we discuss the distance modul
obtained when LMC (adopted from K03) and Gala<:tic (adopted from FSG03) PL relations
used. First, comparing the distance moduli that are uncorrected for metallicity, Mo,ct£;(LMC) and
t^o,CTEiGAL) in Table 3.7, show that the distance moduli from LMC PL relations are always shorter
than their Galactic counterparts (see Figure 3.3[a]). Summaries of this comparison are given in Table
3.8. This shows that the LMC PL relations will give a smaller distance modulus by ~ 0.07±0.01mag.
on average (or about 3.5% in distance) compared to the distance modulus obtained from Galactic PL
relations. The negligible random errors suggest that the difference of 0.07mag. might be significant,
although it is small. However, when the metallicity corrected distance moduli from the two sets of
PL relations {,i,[LMC] and fi,[GAL] in Table 3.7) are compared, the difference between them falls
close to zero. The results are listed in Table 3.8 and shown in Figure 3.3(b).
Another approach is to use the Galaxy and LMC (P> lOd) as calibrating PL relations for metal
rich and metal poor galaxies respectively. Thus if the seven SN calibrators of STS were forced on
an LMC PL relation (U99), one would obtain an average distance decrease of 0.17mag. However, if
we force the five galaxies in their sample, which have on average the same metallicity as the Galaxy,
onto the steep relation given in T03, the published STS distances are recovered for these galaxies to
within O.Olmag. Applying the same procedure to the 10 KP galaxies which are metal rich increases
their distance moduli by about 0.16mag. on average, whilst using TR02 for the remaining metal
poor galaxies increases their distance moduli by 0.02mag.
The use of Galactic PL relations to calibrate the Cepheid distance scale has been tried before by
Paturel et al. (2002a) and Paturel et al. (2002b). The first paper, Paturel et al. (2002a), used the
GFG98 sample and the method of "sosie" (Paturel, 1984) to determine Cepheid distances without
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assuming the PL relations. The second paper, Paturel et al. (2002b), applied the i/^arco^ calibrated
PL relations (Fea.t & Catchpole, 1997) to find Cepheid distances. The mean offsets of their results
and the published KP results are 0.161 ± 0.029mag. and 0.027 ± 0.016mag. for their first and
second papers, respectively. The latter result is comparable to our work. However, the extra,
galactic Cepheids used in both papers are slightly diff-erent than either the KP or STS groups, in
contract with our study in this chapter, because these authors applied a different method to deal
with incompleteness bias. Also, these authors did not apply any metallicity corrections in their
papers.
3.5 Conclusion and Discussion for this Chapter
In this chapter we re-calibrate the Cepheid distance to about two dozen nearby galaxies, including
the KP and STS galaxies, and a water maser galaxy. We use much of the same methodology
as the KP team: the same LMC distance, value of R and metallicity correction, and the same
(number of) Cepheids along with the published photometries and periods. However our approach
is different from the KP team in two aspects: (a) we estimate the mean magnitudes of sparsely
sampled HST data from Fourier techniques (Ngeow et al., 2003) by reconstructing the Cepheid
light curves; and (b) we use different sets of PL relations, including the LMC and Galactic PL
relations, in distance determination. Overall, our results are consistent with each other and KP.
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However, we «„d signiSca^.ly shorter distances
.o the STS g^a.i«. The u,e of the new Fourier
technique, to obtain V- and
.-band „ea.» do. not produce sig„i„ca„t deviation, rro„, the existing
method. However the derived distance modulus i, .ore sensitive to the calibrating PL relation
that is adopted. The most strilting resuit fr„„ this stud, is that the distance moduli derived from
u.ng the LMC and Ga,aet,c PL relations are mdistinguishabie after the metallicity corrections ar.
apphed. This provides strong support for the si. and quantity of the metallicity dependence of the
Cephe,d PL relations and the non-universality of PL relations (Tammann et al., 2003)
Recent work ha. shown that the PL relafon in the Galaxy and LMC have different slopes
(Tammann et al., 2003; Ngeow Kanbur, 2004; Sandage et al., 2004) and moreover that the PL
relation in the LMC is "broken" at a period of ,0 days (Kanbur t Ngeow. 2004; Safdage et al
2004). Metallicity affects the mean brightness of a Cepheid and up to now, this has been the standard
mot,vat,o„ for deriving and applying simple additive corrections to the PL relation to account for
metalhcity differences between calibrating and target galaxy. However it may be that metallicity
also affects the slope of the PL relation. If this is so, then the use of a s.mple additive correction a.
given in equation (3.4) is no, really appropriate because the PL relation may have a different slope
in the target and calibrating gala^. However, the right panels of Figure 3.3 show clearly that it
works in the sense that the distance moduli differences obtained when using the Galactic and LMC
as calibrating PL relations are driven close to zero. We try to investigate why this occurs in what
follows.
If we want to compare the distance modulus obtained using LMC and Galax;tic calibrating PL
relations (or any pair of PL relations) when using exactly the same (number of) Cepheids in the
target galaxy, including the same periods and mean magnitudes, then the difference in distance
modulus can be expressed as:
A/io = [{R - l)Aav - /?Aa;]SM^ + (fl - i)A6v - RAb,, (3.8)
where Aa^v.i) and Ab^yj) are the differences in slopes and zero-points for the two PL relations,
respectively. Then, for these two PL relations, the change in the distance modulus is a simple lin-
ear function of the target galaxy period distribution (< log(P) Z^og{P)i/N, hereafter mean
period), under the assumption of constant R (i.e. the universality of Galactic extinction law, see
observational verification for this assumption by Macri et al. 2001). The error in A/io is the quadra-
ture sum of the <t^ from both PL relations for the target galaxy. If metallicity corrections of (J^ (from
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^^^^^ 3-9 -The change of A^. with different pairs of LMC and Oalartin pt w a
lUiUl-U-^96j
-U.2b/ U.3b9 044I ,,,7.^^=^^^^^^^
(U99-GFG98)
-0.497 0.6 0
"
[I'll(K03-GFG98)
-0.470 0.561 0 635 \foll If^^
^^^^^tfsgos)—^:oo6-^:o4i 5ii ^
!K03"Fsro?.( - SG03)
-0.218 0.233 0 307 1 067-^ \,nar.
If^™^) ^3or-o:365 0430 ^1^-U99-T03)
-0.540 0.595 0.669
"
018 2 88K03-T03)
-0.513 0.548 0.622 0692 2 35
= c < log(P) > +d (i.e. equation [3.8]). < log(P) > is the mean period for = 0.
T Mr pT^' W '''' ^, 'T^^^ ^ '° °f ^ 2. Hence the MF91
equation [3.4]) are applied to equation (3.8), the metallicity of the target galaxies cancels out and
leaves the difference between the LMC and Galactic metallicity. Adopting [O/HUmc = 8.50dex and
[0/H]gal = 8.87dex, along with 7 = -0.2 ± 0.2map. dex-\ the difference in metallicity-corrected
distance modulus becomes:
A/i^ = A/zo -0.2(8.50- 8.87), (3.9)
= A/io + 0.074 (±0.074).
It is worth pointing out that equations (3.8) and (3.9), though straightforward to derive, have
not been presented in the literature before to the best of our knowledge. Equation (3.9) is of course
dependent on the metallicity correction law adopted and the slopes of the calibrating PL relations.
We can re-write equation (3.8) as A/zq = c < log(P) > +d, where A/xo = Ho{LMC) - (io{GAL),
c = {R- l)Aav - RAai and d^{R- l)Abv - RAbi. For the four LMC PL relations and the three
Galactic PL relations considered in this chapter, there are a total of 12 combinations of {LMC, GAL)
PL relations. The coefficients of c and d for each combination are listed in column 2 & 3 of Table
3.9. In the same table, we also list out the coefficients of d after applying the metallicity corrections
(i.e. equation [3.9]), i.e. A/i^ = c < log(P) > +d, where d, =d + 0.074.
To see what values of < log(P) > would produce identical distance moduli from using either the
LMC or the Galactic PL relations, we solve for < log(P) > such that A/io = 0 or A/x^ = 0. The
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solution, are listed in columns 5 & 6 in Table 3.9 for the ca.e of A.o = 0 and A,. . 0 respectively.
From Table 3.9, the mean penod for two distance moduli to be identical is around < log(P)
1.1
- 1.2, and < log(P) 1.3 - 1.4, except for the (MF91,GFG98) and (MF91,FSG03) pairs
Most of the extra-galactic Cepheids in our target galaxies have an observed mean period of ^ 1 4
(the mean period for 16 KP galaxies is 1.418; the mean period for 8 STS galaxies is 1.401- and the
mean period for all 25 galaxies is 1.342; see also Kanbur et al. 2003). Therefore, without applying
the metallicity correction, the Galactic PL relations will be expected to produce longer distances
than the LMC PL relations in most of the (LMC,GAL) pair of PL relations. For example, the
change of the distance modulus is ~ O.lOmag. when comparing the LMC PL relations (either U99
or K03) to the FSG03 Galactic PL relations in individual target galaxies. However, the LMC and
Galactic PL relations will produce almost identical distance moduli after a metallicity correction to
within
~ 0.03mag., for most of the target galaxies. The only exception is NGC 5253, because the
mean period for this galaxy is 1.029, which is much smaller than the required < log(P) > of ~ 1.4.
The T03 Galactic PL relation has a different slope to the GFG03 and FSG03 Galactic PL relations.
Thus the median period in Table 3.9 required for a simple additive correction to be sufficient is
approximately 1.2. This is slightly outside the range of mean period required to produce similar
distance moduli after a simple metallicity correction when both Galactic and LMC calibrating PL
relations are used.
If the result of this chapter, i.e. the near identical distance moduli from LMC and Galactic PL
relations after metallicity corrections, is true, then this result can be used to constrain the sign for
the coefficient of metallicity correction, the 7 in equation (3.4). The value of 7 = 0.2±0.2ma5 dex~'^
used in this study is adopted from FVeedman et al. (2001), which is roughly the midrange value from
several empirical studies (see Section 3.2). Since the difference of distance moduli between LMC
and Galactic PL relations is about
-0.07mag. without the metallicity correction (Table 3.8), a
+0.07mag. metallicity correction is required to bring the two distance moduli to be identical. The
correction of 0.074mag. in equation (3.9) is almost identical to this requirement, hence the value
of 7 should be around -0.2mag dex'^ and constrains the sign to be negative. In addition, if the
Cepheid PL relations do indeed depend on metallicity, the result of this chapter suggests that a
simple additive metallicity correction as in equation (3.4) is a good approximation to model the
full complexity of the metallicity dependence of the Cepheid PL relation, provided the mean period
of Cepheids in the target galaxy are in the appropriate range for the slopes and extinction laws
adopted for the calibrating PL relations. Some researchers suggest using the LMC PL relations
and Galactic PL relations for metal-poor and metal-rich galaxies, respectively, forgetting about
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metallidty corrections until an solid understanding of this topic is obtained^ This naturally begs the
question of „h,ch calibrating PL relation to use if the
.etallicity of the target gala., is i„ between
the LMC and Galaxy However our result does not, at the moment, provide evidence supporting
one Galactic PL relation over another.
In summary, the above discussion suggests that: (a) metallicity corrections are necessary when
using Cepheid PL relations to find distance moduli; (b) a. a consequence, the PL relations do depend
on metallicity; (c) hence, Cepheids in the LMC and Galaxy obey different PL relations; (d) the sign
for the coefficient of metallicity correction (7) has to be negative; and (e) both LMC and Galactic
PL relations can be used to determine the distance modulus because either one of the PL relations
would yield the same distance modulus after the appropriate metallicity correction. However, further
study is needed to test these conclusions.
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CHAPTER 4
rJ^ R^ELATIONS FOR GALACTIC CEPHEID VARIABLES WITHINDEPENDENT DISTANCE MEASUREMENTS COMPARISO^^THE LMC PL RELATIONS
In U.i,s chapter, wo .l.riv. the poricl-h.niinosity (I'l.) relation for Galactic Cephoi.ls with recent
indepe,Kl,-nt distance ,ne..suren,ents from open ,:l„st..r, Harnes-Evan« surface brightness, interfer-
oMu.try a,Kl //.ST a.stro,netr.y t<K:lmic,ues. Our PL relation confirms the resnits of Tannnann et al.
(2003), whic:h showed that the Galactic Gepheids follow a different PI. relation to their LMC coun-
terparts. Onr results also show that the slope of th,- (Galactic I>L relation is inconsistent with the
LMC slope with more than 95% confidence l(!vel.
4.1 The Need of the Galactic PL Relation
Tarnmann et al. (2()();5, luTeafter TO."} in this chapter) derived the Galactic PL relation by con,l,in-
ing the Galactic C(!pheids with independent distance measurements from open clusters/associations
(Feast, 1999) and from tfie Harnes-Evans (BE) surface brightness techniques (Gieren et al., 1998).
The resulting (Jalactic PL relations in T03 are steeper than the LMC PL relations conunonly ap-
plied in distance scale applications (as in, e.g., Preedman et al. 2001). Simihir conclusions are also
reported in Foutiue et al. (200;5).
The ne(;d to use the Galactic PL relation as a fundamental calibrating relation has become more
desirable in recent years (Feast, 2003; Fouciue el, al., 2003; Kanbur et al., 2003; Tammann et al.,
2003; Thim et al., 2003; Storm et al., 2004), because of the following two main reasons: (a) The
average value of metallicity (defined as 12 + log[0//^]) in target galaxies of the //„ K(;y l'roj(>ct is
~ 8.84±0.31dea; (Freedman et al., 2001), which is closer to the standard Solar value of H.87±0.07dex
(Grevesse et al., 1996) than the LMC value? of 8.50±0.08dex (see reference in Ferrarese et al. 2000);
and (b) There is evidence that the LMC PL relation is broken at 10 days (Tammann et al., 2002;
Kanbur & Ngeow, 2()()'1; Sandage et al., 2004), i.e., the short (< 10 days) and long period Cepheids
in the LMC follow dillerent PL relations. Due to these reasons, the calibrated Galactic PL relation
will become important in future distance scale studies.
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In Chapter 3, we compared the Cepheid distances to 25 ffST-observed gaWes with the LMC
and Galactic PL relation. The r«ul. shows that the overall difference between the. two distances
are negligible after applying the metallicity correction, which suggest that the PL relation could be
depending on the metallicity. Encouraged by th,s result, we will compare the Galactic PL relation
denved irom Oepheids with independent distance measurements, with the LMC PL relations in this
chapter. Our analysis of the Galactic PL relation ,s similar to T03 but different in the following
aspects:
1. In addition to the Cepheids from Feast (1999) a.d Gieren et al. (1998) that are used in T03,
we include other recent distance measurements to Galactic Cepheids that are available in the
literature (Section 4.2). These include 11 additional Cepheids that are not included in T03.
2. As most of the Cepheids we considered here have more than one independent distance mea-
surement, we took the standard weighted-mean of the available distances a. the final adopted
distance to derive the PL relation.
3. We apply a statistical test, the ^-test, to examine the consistency of the slopes for the Galactic
and LMC PL relations.
4.2 Galactic Cepheids with Independent Distance Measurements
In order to calibrate the Galactic PL relation, the distances to the Galactic Cepheids need to
be known via independent measurements (i.e., not depend on the assumed PL relation). There are
a few ways to measure the independent distances to the Galactic Cepheids, and we collected these
recent distance measurements from the literature. These are summarized as follows.
I. Distances from Open Cluster Techniques:
If the membership of a Cepheid in the open cluster can be verified (Turner, 1988), then the
distance of this Cepheid is set to be equal to the distance of the open cluster. The distance of
the open cluster can be found via the main-sequence fitting method (see, e.g.. Turner et al.,
1998; Feast, 1999; Turner k Burke, 2002; Hoyle et ai., 2003).
The distances to the Cepheids in open cluster are adopted from table 3 of T03, where the
authors adopted a distance modulus for the Pleiades of fxpuiades = 5.61 ± 0.03mag. (Stello
k Nissen, 2001). Feast (1999) estimated that the uncertainty associated with cluster distance
moduli is ~ 0.15-0.20mag. (see, e.g., Romeo et al. 1989), hence we assign an uncertainty of
0.20mag. to the open cluster distance moduli (mo[0]) in Table 4.1. This error could incorporate
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the uncertainty due to the location of the Cepheid in the cluster (far-side vs. near-side) the
uncertainty due to n^etallicity corrections fron. cluster to cluster, etc. (see also I^rner & Burke
2002). In addition, we also include other open cluster distances from Turner & Burke (2002)
and Hoyle et al. (2003) in Table 4.1. Since these additional open cluster distances are ba.ed on
^^Ple^aaes ~ 5.56mag., we add a correction of +0.05mag. to these distances^ in Table 4 1 to be
consistent with the T03 open cluster distances. However, it is unclea. whether the distances
g:ven in Fea.t (1999, where the T03 adopted distances originate) and in Turner & Burke (2002)
are totally independent to each other or not, a. son.e of them were adopted from the same
sources. For example, the open cluster distances to CV MON in Feast (1999) and Turner &
Burke (2002) are all adopted from Turner et al. (1998). We have labelled the Turner & Burke
(2002) distances that are dubious in this dependency regard in Table 4.1, and excluded them
in obtaining the weighted-mean distances. For GT CAR, CG CAS and TV CMa in Turner &
Burke (2002), which are not included in Feast (1999), there is no I-band data available in the
literature. We exclude them in order to have a consistent number of Cepheids in B-, V- and
I-bands.
II. Distance from Baade-Wesslink Method:
The Baade-Wesslink (BW) method involves the comparison of the angular size of the Cepheid
and its radius to obtain the distance. The radius of the Cepheid is obtained via the integration
of the velocity curve:
R{t) oc j Vr{t)dt.
There are two ways of obtaining the angular size of the Cepheids:
1. Barnes-Evans (BE) surface brightness techniques - The BE surface brightness techniques
are first introduced by Barnes & Evans (1976) and frequently applied with the BW method
to obtain the Cepheid distances. The idea behind the BE surface brightness techniques is
simple: starting from the Stefan-Boltzmann law, L = inR'^aT'^, dividing by 4nD'^ (where
D is the distance) on both sides, we obtain the expression for the angular size (6) after
the log(L)-Ko and \og{T)-{V - K)o conversions:
^Thanks to G. A. Tammann for pointing out this correction to Hoyle et al. (2003) distances.
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log(e) = aVo + I3{V - K)o + 7.
The coefficients in this expression can be obtained with the independent cahbration, such
a. using supergiant stars (Fouque & Gieren, 1997). Detailed applications of this method
can be found, e.g., in Gieren et al. (1993, 1997, 1998).
We adopt these distances from Fouque et al. (2003), which is an updated version of
Gieren et al. (1998), with additional Cepheids that are not included in Gieren et al.
(1998). Fouque (2003, private communication) ha. verified that the the distances from
Gieren et al. (1998) and Fouque et al. (2003) are not independent of each other, as the
distances from the later paper use the latest available data to update the distances in
Gieren et al. (1998). The exception is CS VEL, where we include the distance from Gieren
et al. (1998) since there is no distance given to this Cepheid in Fouque et al. (2003). Note
that T03 only included the distances from Gieren et al. (1998) but not from Fouque et
al. (2003). We also include the latest distance measurements using BE techniques from
Barnes et al. (2003), who used a Bayesian statistical approach in their analysis.
2. Optical interferometry
- By using optical interferometry, the angular sizes for some large
and/or nearby Cepheids can be obtained from the measured visibility (Lane et al., 2002;
Nordgren et al., 2002; Kervella et al., 2004a). These distances are adopted from Lane et
al. (2002), Nordgren et al. (2002) and Kervella et al. (2004a). Note that for distances
in Kervella et al. (2004a), we did not use the direct distance measurements for the four
Cepheids (77 AQL, W SGR, /? DOR & / CAR) because the errors are asymmetric and
large (except for / CAR). Instead we adopt the distances from their table 12. These
are obtained from combining the interferometry data and the empirical period-radius
relations from Gieren et al. (1998).
III. Distance from Astrometry/Parallax:
The distances to Galactic Cepheids can also be obtained from the trigonometric parallax
with Hipparcos or the astrometry measurement from the HST. However, after converting the
parallax to distance modulus, the error bars for the Hipparcos measurements are large, as can
be seen in figure 2 of Madore & Freedman (1998). Therefore, the Hipparcos measurements are
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not used in this study. For the HST
.trometry
.e«nts, currently there is oniy one
Cepheid, S CEP, with the distance measurement from a^trometry (Benedict et al., 2002).
4.2.1 The Adopted Distances to the Galactic Cepheids
The selected Galactic Cepheids and the corresponding distances from these sources are sum-
marized in Table 4.1. Since these distances are from independent measurements, we can take the
we,ghted-mean among the available distances (i.e. column 2, 3, 5 & 6 in Table 4.1). Note that T03
only uses the distance moduli in column 2 & 4 of Table 4.1 in their paper.
In this work, we exclude all the possible non-fundamental mode Cepheids and those not classified
a. "DCEP" in the General Catalogue of Variable Stars (GCVS, Kholopov et al. 1998) . Some of them
are mentioned m TQ3, include: EV SCT, V1726 CYG, SZ TAU, QZ NOR, a UMi and V367 SCT
We further exclude EU TAU from Barnes et al. (2003) because it is a first-overtone Cepheid. Note
that LS PUP is not classified as "DCEP" in the GCVS. We also exclude this Cepheid though it is
included in the T03 sample. For Cepheids in Turner & Burke (2002) and Kervellaet al. (2004a), we
did not include the Cepheids that are classified as "DCEPS" in the GCVS, which includes SU CAS,
GH CAR and Y OPH. The additional Cepheids included in our sample but not in T03 are labelled
in Table 4.1.
In principle the number of Cepheids can be increased if we include the first overtone (FO) Galactic
Cepheids in our sample, by using their fundamental mode periods in obtaining the PL relation.
However, we prefer not to include the FO Cepheids due to the following reasons: (a) we want to
avoid the contaminations from other types of Cepheids and select only the bona fide fundamental
mode Cepheids; (b) we want to be consistent with T03, who excluded the non-fundamental mode
Cepheids in their study; (c) the physics involved in fundamental mode and FO Cepheids is not the
same (see, e.g., Antonello 1994; Antonello k Aikawa 1995; Bono et al. 1999b; Feuchtinger et al. 2000;
Bono et al. 2002b) and (d) the results of microlensing surveys to the Magellanic Clouds suggest that
the FO Cepheids follow their own PL relations (see, e.g., Udalski et al. 1999a). The theoretical
studies from Bono et al. (1999a) and Baraff-e & Alibert (2001) also suggest that the FO Cepheids
follow different PL relations. Nevertheless, we list the FO Cepheids (classified as "DCEPS" in the
GCVS) with recent distance measurements in Table 4.2 for completeness. Note that although BD
CAS has been updated to "DCEPS" by Poretti (1994), there is no I-band data available for this
Cepheid in the literature. We therefore exclude BD CAS in Table 4.2.
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Table 4.1 -Distances to Galactic fundamental mode Cepheids.
•-r
12.662 ± 0.091
12.662 ± 0.091
12.662 ± 0.091
RXAUR' ... 6.986 ±0.052 7.526 ± 0.217^; 7.108 ± 0.148- 7 025 ± 0 048
WCAR 11.46 ±0.04« 11.069 ± 0.038 10.972 ± 0 032 ^ ''^'>^' 11.101 ±0.204
W^CAR ' 11.60 ±0.09" 11.419 ±0.043 11.5olio:02 10.984 ± 0.032
/CAR 12.980 ±0.135 12.918 ± 0.066 ... 11.503 ±0.022
CEaCAS 1.69 1.74 ±0.15
""^.""^^^ ^'^^^ ^ «-^™- 0.204»
CEbCAS 12.69 12 74 ±0 15 ' 12.63 ±0.14"
CFCAS 12.69 12 74 ±0 15 '"' "' 12.63 ±0.14"
DLCAS 11.22 11.16 ±0 04« "' 12.63 ±0.14"
VWCEN 9-302 ±0.024 9.175 ±0.063
XXrPN 13.014 ±0.042 12.803 ± 0.039 ... 9.175 ±0.0603 ::: — n.--. ... --.o.
XcTg' iSir5 ---- ^..3±0.048^7.181±0.089' V^l^o^.^T9^
SUCYG' ... 9.70 ± 0.06 ... 10.421 ± 0.016 10.209 ± 0.055^ 10.395 ±0.015
0 DOR' ... ... • • 9.700 ± 0.060
CGEM' ... 7.85 ±0.10 ... 7.566 ±0.153
ZLAC ...
...
,,«,T^nn..
7.794 ±0.228^ 7.782 ±0.211-' 7.732 ± 0.084
TMON 11.14 11.05±0.14« 10 576 ± 0 067 0 777 1 nn^^ in-o. , 11.637 ±0.055CVMON 11.22 11.12±0.04« r^^Z 12:^ ^ ;;:3r±"o"2r IS^-S^o£ 9.85 9.82 ±0.04. l^^t}^
¥wNOR 11.47 ii.47±o.08. "'"^ ^"'^^^ '-r'leV^o'^o
V340 NOR 11.17 11.16±0.11 11.498±0.130 11.145±0.185 II.S^oM" ulStoS
UYPER li:78 11 88±0 50"
9.496± 0.110 9.271 ± 0.034 9.265±0.192- l^n^oZ'
RS PUP 11.28 ... 1, cno ^ ,^ 11.780 ±0.200
VZPUP ... ... 13 551 + 0 036 Vn«? ^ n nl^ 11-160 ± 0.290^ 11.555 ±0.069Ar^ oiiD iJ.oai ± . b 13.083 ± 0.057 ^ ri naij- n ntL-r
BNPUP
11-7«±010 12.750 ±0.038 12.522 ± 0.045 ... 12 397 ^Oo'I
nZllil 12.924 ±0.051 12.950 ±0.050 ... llfZ + C^utnGYSGE 12.65 12.74 ±0.08« 12 939 ±0 071" 12.950 ± 0.050
WSGR'
«-««9±0'0^^ 8.871±0.022 9:i37 ± 0.158^ 9.13 ± 0.18" ;'88?±ao?2°
X SGR' 7.933 ± O.ieg"- 7.933 ±0.169
^^^^ -~ ~
SscS 12.36 12 33 ± 0 25" 10.469 ±0.042 10.516 ± 0.034 9.911 ±0.147^ 10.485tao/3
RuscT ,,,,
. ;;; •^^^^^^^^^
i2 36o±o.2oo
RYVFT 10.094 ±0.023 9.802 ± 0.060 ... 9.802 ±0 060
^^w^T
• 12.100 ±0.050 12.019 ±0.032 ... 12 019 ±0 032
''-^^ 11.27 ±0.31" 11.169 ±0.025 11.020 ±0.029 ... U 024 ^ 0 029SWVEL 12.08 12.04 ±0.05" 11.989 ±0.056 11.998 ±0,025 ... 999^0025CSVEL 12.59 12.59 ±0.14" 12.713 ±0.144 ... ... 267? + n ^^7SVUL 13.24 13.24±0.09" 13.731 ± 0.095- ;3:24;ta20;
• 8.920 ±0.146^ 8 920 ±0 146J}L:^ ILB 11.78 ±0.05 12.325 ± 0.072" ... 11.331 ± 0.081M0.98 ± 0.2l" 11.636 ±0.041
fioiO) = open cluster distance from T03; Ho(TB) = open cluster distance from Turner & Burke (2002),
adjusted to Aip/emde., = 5.61mag. by adding +0.05mag.; ^o(G98) = BE distance from Gieren et al. (1998);'
Mo(F03) = BE distance from Fouqu6 et al. (2003); Ho(other) = distance from other sources; Ho{w.m.) = the
weighted-mean distance for the entries in column 2, 3, 5 & 6, when available. Excepts for CS VEL, which we
mclude the /io(G98) in obtaining the weighted-mean. ^ Distance measurements from interferometry: 7? AQL
& C GEM are from Lane et al. (2002), and S CEP is from Nordgren et al. (2002). ^ BE distance measurements
from Barnes et al. (2003), who use a Bayesian approach in their analysis. Open cluster distances from Hoyle
et al. (2003), adjusted to npierades = 5.61mag. by adding +0.05mag. " Interferometry distance measurements
from Kervella et al. (2004a). ' //ST astrometric measurement from Benedict et al. (2002). ^ These distances
are not included in calculating the weighted-mean distances, see text for details. These distance moduli are
not used in both Gieren et al. (1998) and T03 as they appear to be outliers in the PL plots. ' These Cepheids
are not included in T03.
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GH CAR
SU CAS
V1726 CYG
QZ NOR
Y OPH
EV SCT
SZ TAU
EU TAU
Q UMi
7.12'^
11.02
11.17
10.99 ± 0.20
7.11 ± 0.03''
11.02 ± 0.03''
11.16 ± 0.11
Mo(tf03)" M,.(A'04)"
10.92
8.72
5.19
11.09 ± 0.07
8.71 ± 0.02''
5.44 ± 0.05
11.095 ± 0.031
11.066 ±0.033
8.090 ± 0.042 8.74 ± 0.33
10.27 ±0.16
11.23±0.12
10.84 ± 0.15
9.06 ± 0.21
10.990 ± 0.200
7.120 ±0.200
11.020 ±0.200
11.169 ± 0.075
9.060 ±0.210
11.026 ±0.060
8.725 ±0.171
10.270 ±0.160
Mo(0) = open cluster distance from T03- // (Tfi\ ~
—
— ^425 ± 0.049
MP,e...e, = 5.61mag. by adding +0 05mag'^°f(Glm - BE d" " T ^"^'^^ adjusted toBE distance from Barnes et al. (2003) So3) - onen~"cl . T"'' ^""''"^ (^003); Mo(B03) =
MP,e,a.e. = 5.61mag. by adding +0 05^1 " ^^oT- 7
^'^^^"^^f.^"'"
""^'^ al. (2003), adjusted to
>^o(w.m.) = weighted-mean disrates " xL^e^rtance^^^^^^^^ ^^^^^"^ (2004a);
distances, since it is unclear whether these distLces are LenenH T calculating the weighted-mean
T03. c This distance is adopted from FeLt uSfad s^^^^^^^^^ ^~TeZT T^'h" ^''''^\ /, uju ung lo HPieiades - 5.61mag. by addmg
-(-0.04mag.
4.3 The Galactic PL Relation
The value, of log(P), (B - V). color, the color excess^ EiB - V), and the mean B, V and
I-band3 magnitude, for the Cepheids in Table 4.1 are all taken from T03. The absorption-to-
reddening coefficient, R, for individual Cepheids is derived using the prescription given in T03^:
Rv = 3.17(±0.13)+0.44[(B-F)„-0.78]+0.05[£;(B-K)-0.42], = i?v + 1.00and R, = R^-l.2S.
The B-, V- and I
-band extinction-corrected absolute magnitudes for the 50 Cepheids in Table 4.1
can be calculated by adopting the weighted-mean distance moduli, as given in the last column of
Table 4.1, and then fitted with least-square regressions to obtain the PL relation. The plots of the
fitted Galax^tic PL relations are presented as solid lines in Figure 4.1, with the following expressions:
Mb =
-2.594(±0.106) log(P) - 0.674(±0.123), a = 0.248 (4.1)
Mv =
-2.999(±0.097) log(P) - 0.995(±0.112), a = 0.226 (4.2)
Mi =
-3.303(±0.094) log(P) - 1.450(±0.108), a = 0.219 (4.3)
The error bars in Figure 4.1 are obtained from the quadrature sum of the error estimates of
distance modulus (given in the last column of Table 4.1), extinction (adopted from Fernie et al.
^E{B - V)corr in T03.
^There are no mean I-band values for r, AQL, S CEP and C GEM in T03, hence we adopted the I-band mean
magnitudes from Lanoix et al. {1999b).
"There are other formulae for the Rv available in the literature. We choose the formula of Rv from T03 in order
to be consistent with the work of T03. The detailed study of the sensitivity of PL relation to the selected Rv will be
addressed in a future paper.
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1995 database^) and mean magnitudes. We
magnitudes. This is reasonable because the
hght curves (Berdnikov et al., 2000).
assign a conservative error of O.OSmag. to the mean
mean magnitudes are derived from accurate and reliable
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Figure 4.1 -Galactic PL relation in B- (top panel), V- (middle panel) and I- (bottom panel) band
The Imes are the fitted PL relations, as given in equation (4.1)-(4.3). The solid circles are for
fundamental mode Cepheids as listed in Table 4.1. The open circles are the first overtone Cepheids
from Table 4.2, plotted with their fundamental mode periods. The error bars include the errors in
distance modulus, errors in extinction and an error estimation of 0.05mag. in mean magnitudes.
4.3.1 The Effect of FO Cepheids
In this section we investigate the effect of including the Galactic PL relations if we include the
FO Cepheids that are listed in Table 4.2. The fundamental mode periods and the mean magnitudes
in B-, V- and I-band for these Cepheids are taken from Berdnikov et al. (2000). The color excess
for these Cepheids are calculated via the prescription given in T03: E{B — V) — 0.951jE'(fl — K)f)
where E{B - V)f is taken from Fernie et al. (1995). Then the color, {B - V)o, can be calculated
'http : / /ddo . astro . utoronto . ca/cepheids . html
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via (S
-
V)
-
E(B
-
V). The extmction corrections for these Cepheids are handled in the same way
a. ,n fundamental mode Cepheids. The fitted PL relations fron, the combination of 59 fundamental
mode and first overtone Cepheids are:
Mb = -2.590(±0.100) log(P) - 0.665(±0.111), a = 0.265
Mv =
-3.007(±0.097) log(P) - 0.962(±0.108),a = 0.257
Mi =
-3.319(±0.098) log(P) - 1.406(±0.108), a = 0.260
By comparing these PL relations to equations (4.1)-(4.3), we see that including the FO Cepheids
does not significantly alter or improve the PL relations. However, the dispersions of the PL relations
(a) have become larger than the PL relations without FO Cepheids. This is mainly due to the one
outlier, GH CAR (with log[P,] ^ 0.91), a. shown in Figure 4.1. After removing this Cepheid, the
dispersions of the PL relations become comparable to those given in equations (4.1)-(4.3). Even
though the PL relations with the FO Cepheids are almost identical to the PL relations without FO
Cepheids, we prefer the solutions given in equations (4.1)-(4.3) to be the calibrated Galactic PL
relations, as we have argued in Section 4.2.4.
4.3.2 The efFect of open cluster distances from Turner & Burke 2002
Since it is unclear whether some of the open cluster distances given in Turner & Burke (2002)
are totally independent of the distances given in Feast (1999) or not, we examine the changes of
PL relations if we either exclude all open cluster distances from Turner & Burke (2002) or assume
that these distances are totally independent of Feast (1999), and include them in obtaining the
weighted-mean distances. Recall that equations (4.1)-(4.3) used some of the Turner & Burke (2002)
distances that are either excluded in or independent of Feast (1999). For the former case, the PL
relations with 49 fundamental mode Cepheids are:
Mb = -2.627(±0.105) log(P) - 0.623(±0.123), a = 0.240
Mv = -3.025(±0.096) log(P) - 0.954(±0.112), ct = 0.220
Mj -
-3.320(±0.095) log(P) - 1.420(±0.110), a = 0.216
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For the latter cse where we include all the open ch.ter distances from Tnrner & Burlce (2002), the
fitted PL relations for the 50 Cepheids in Table 2.1 become:
Mb = -2.619(±0.107) log(P) - 0.656(±0.123),a = 0.249
Mv =
-3.024(±0.097) log(P) - 0.977(±0.111),a = 0.225
Mj =
-3.328(±0.098) log(P) - 1.432(±0.108), a = 0.217
Therefore, the exclusior, or inclusion of Turr.er & Burke (2002) distances produces almost identical
PL relations. These PL relations also agree and are consistent with equations (4.1)-(4.3). However,
there are some open cluster distances that are not ir.cluded ir, Feast (1999) or T03 (e.g. for Cepheid
AQ PUP), and there are certain ca^es where we have confidence to believe that the distances given
in Turner & Burke (2002) and Fea.t (1999) are independent (e.g. for Cepheids CEa, CEb and CF
CAS). Hence we continue to adopt equations (4.1)-(4.3) a.s the calibrated Galactic PL relations.
4.4 Comparison to Published Results
4.4.1 Comparison with other Galactic PL relations
We selected recent empirical PL relations from the literature that give both V- and I-band I^L
relations to be compared with our results, because the PL relations in these two bands are extensively
used in extra^galactic distance scale studies (e.g., FVeedman et ai. 2001). For example, we exclude
the PL relations from Barnes et al. (2003) or Hoyle et al. (2003) because they did not give the I-band
PL relations in their papers. The selected PL relations, along with our results, are given in Table
4.3. These include the Galactic PL relations derived by Gieren et al. (1998, GAL-G98), Fouqu6
et al. (2003, GAL-F03) and Tammann et al. (2003, GAL-T03). We exclude the Hipparcos-hased
Galactic PL relations because these PL relations adopted the slopes from LMC PL relations, and
calibrated the zero-points with Hipparcos data (as those used in, e.g., Lanoix et al. 1999b and Paturel
et al. 2002b). From the table, it can be seen that our results are consistent with the GAL-G98 and
GAL-F03 PL relation. However there is some discrepjancy between our results and GAL-T03. In
this situation, we can use the i-statistical test as mentioned in the next sub-section (sec also, e.g.,
Zwillinger & Kokoska 2000) to assess the significance of the difference in slopes under the null
hypothesis that the slopes are the same. The results show that the p-value for the V and I-band
slopes are 0.15 and 0.27, respectively. Hence the null hypothesis cannot be ruled out at the 95%
confidence level, and our results are also consistent with the GAL-T03 PL relation.
70
Table 4.3 -Comparison of various PL relations*.
PL relation ~ '
GAL-F03
GAL-T03
GAL-Hcro
yAL-Thcoryl
...
-2.905
=TT83GAL-Thoory2
...
-2.45 ± 0,02 -1 50 + 0 02 n^r ^»^805 5-
f^}-;'rhcory3 •
-2.22 i: 0.01 -\f.t?,f,
"'J " ^
-202 ± 0.01 0.13 6
a A/f — 1 I n\ I —
.-
-i.aiz 3: u.U lO O.IIO 8
'Viv.l
- av,i log(F) + 6v/,/
,
and ayj is the rms dispersion For LMC PI rpl«tl,,n
" Reference: [1] Gieren et al. (1998) (21 Fouqu^ et al rio'lV hi T Tl ' '^'^^^ = 18.50mag.
(4.3) from this work; [5] Baraie & Xli'b rt (2001) w Z -^0 ol TeuZ fiT T'^' ^^'^^
. =^1 and . = 0.02; „ ta.e e .0. PiLtL el^f(^S ^Sl^^
The small discrepancy of the PL slopes between our results and T03 is mainly due to the inclusion
of additional distance measurements in this work (see Section 4.2 for details). If we take the arith-
metic, unweighted-mean of the 39 Cepheids with Mo(0) and m„(G98) in Table 4.1 (a. these distance
moduli are used in T03), the slopes of the fitted PL relations become steeper: ae = -2.750 ± 0.123,
av = -3.130 ± 0.110 and a, = -3.402 ± 0.106, which agree with the results of T03. However, by
taking tlx, weighted-mean distances for these 39 Cepheids, the PL slopes become shallower but still
consistent with T03: as = -2.721 ±0.125, ay =
-3.102±0.112 and a, =
-3.373 ± 0.109. Thus the
different between our results and T03 is due to the inclusion of additional distance measurements
in our study.
For completeness, we also include the recent theoretical PL relations in Table 4.3 from Baraffe
& Alibert (2001, GAL-Theoryl) and Fiorentino et al. (2002, GAL-Theory2 & GAL-Theory3) by
adopting Z = 0.02. FYom the table, our empirical PL relations fairly agree with the theoretical PL
relations from Baraffe & Alibert (2001). However, none of the empirical PL relations given in Table
4.3 agree with the GAL-Theory2 and GAL-Theory3.
4.4.2 Comparison with the LMC PL Relation
Since the PL relation is shown to be different in the LMC and Galaxy by T03 (also in Fouque
et al. 2003 and Kanbur et al. 2003), we verify this result by comparing our Galactic PL relation to
the LMC counterpart, as those used by the Ho Key Project Freedman et al. (2001). These LMC
PL relations are obtained with ~ 650 Cepheids from the Optical Gravitational Lensing Experiment
(Udalski et al., 1999a). For our Galactic PL relation, the difference in the V- and I-band slopes
is: Aav = 0.239 ± 0.102 and Aaj = 0.341 ± 0.096, which are 2.3a and 3.6a results, respectively.
Are the slopes form Galactic Cepheids consistent with the slopes of the LMC PL relation? We also
apply the i-statistical test to test for the equality in the slopes of the Galactic and LMC PL relation.
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Assume that the Galactic data are (randomly) drawn fronr the same parent population, which is
consist of the LMC data, then the d,str,bution of the Galactic slopes should follow the
.distribution
under the null hypothesis that n.., = „ee Fi^re 4.2 tor illustration). By calculating the
corresponding
,
values, we can obtain the ^.values (or the probability) under the null hypoth«is.
The results are:
For V-band slope, p{V) = 0.017.
For I-band slope, p{I) = 0.001.
The small p-values indicate that the null hypothesis can be rejected with more than 95% con-
fidence level. Therefore the slopes of the V- and I-band Galactic PL relation are not consistent
with their LMC counterparts. These statistical results strongly suggest that the PL relation is not
universal, at least in the galaxies with metallicity that comparable to the Galactic or LMC values.
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4.5 Conclusion and Discussion for this Chapter
By usmg the recent independent distance measurements to 50 Galactic Cepheids, we derive a
Galactic PL relation in the B-, V- and I-bands. Our analysis differs from that in T03 due to the
following aspects: (a) we include other recent independent distance measurements; and (b) we took
the weighted-mean to the available distances. The results confirm that the Galactic PL relations
are steeper than the LMC counterparts (Fouque et al., 2003; Ta«.mann et al., 2003). However, the
steepness of the Galactic PL relation is still inconclusive (either as steep as in T03 or as shallow Is in
this study) because of the small number 50) of Cepheids in the sample. Our Galaxy hosts ~ 500
Cepheids (Fernie et al., 1995), hence the Galactic PL relation can be improved if there are more
independent distance measurements to Galactic Cepheids in the future, such as the Cycle 12 HST
observations of the nearby Cepheids with astrometric measurements (10 Cepheids from Program
9879, with P.L: G. F. Benedict, where 3 of them are not included in Table 4.1 [Benedict 2003,
private communication]) or the future Space Interferometry Mission (SIM, launch in 2009)^ and the
Gaia mission. The importance of having the accurately calibrated Galactic PL relation are twofold:
1. Distance scale study: The distances to the high metallicity galaxies, either in the HoKP or in
the future observations, should be obtained with the Galactic PL relations. The attempts of
using the Galactic PL relations to calibrate the Cepheid distance to the HoKP target galaxies
can be found in Kanbur et al. (2003).
2. Constrain on the pulsational/evolutionary models: The slopes from the theoretical Galactic
PL relations are much shallower (Fiorentino et al., 2002) than the observed slopes as presented
here, therefore the improvements for the theoretical Galactic PL relation is desired.
Finally, it is worth while to point out that the study by Heacox (2004), who applied the Bayesian
analysis to the Hipparcos data, has found that the Galactic V-band slope is much shallower than
the slopes found in this study or even in the LMC. Therefore, the improved Galactic PL relations
from large sample is clearly desirable to solve this discrepancy in the future.
°http
: //planetquest .jpl .nasa
.
gov/SIM/sim.index . html
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CHAPTER 5
THE NON-LINEAR PL RELATIONS FOR THE LMC CEPHEIDSFROM OPTICAL TO NEAR INFRARED
^'''^'^''^^^
Recent studies, using the OGLE data, strongly suggest that the period-luminosity (PL) relation
for the Large Magellanic Cloud (LMC) Cepheids shows a discontinuity at a period of 10 days. In
this chapter, we apply statistical tests, the chi-square test and the F-test, to the Cepheid data
from the MACHO project to test the non-linearity of the PL relation, and extend these tests to the
near infrared (JIIK) PL relations with 2MASS data. We correct the extinction for these data by
applying an extinction map towards the LMC. Our results show that the VRJH-band PL relations
are consistent with a two-line regression with a discontinuity at 10 days at the 99.5% confidence
level, while the K-band PL relation is marginally consistent with a single-line regression. Besides
the two-line regression, we also test the other forms of non-linearity, such a« the piecewise regression
and the polynomial fit, and the results from the statistical tests are essentially same a^ the two-line
regression. The non-linearity of the V-band PL relation as seen in both of the OGLE and MACHO
data, using different extinction maps, suggests that this non-linearity is real.
5.1 Recent Studies of the Non-Linear PL Relation
Cepheid period-luminosity (PL) relations play a crucial role in the distance ladder which can
ultimately be used to determine Hubble constant. The current most commonly used calibrating PL
relation is based on the Large Magellanic Cloud (LMC) Cepheids (see, e.g., Preedman et al., 2001;
Saha et al., 2001b) and it is regarded as a linear function of log(P), where P is the pulsation period
in days (see Chapter 1.2). However, recent studies (Tammann & Reindl, 2002; Kanbur & Ngeow,
2004; Sandage et al., 2004; Kanbur et al., 2005; Ngeow et al., 2005) have strongly suggested that
the LMC PL relations are non-linear, i.e. there are two PL relations across the period range with
discontinuity at 10 days (hence a break in the PL relation) for the short (P < lOdays) and the
long period LMC Cepheids, respectively. Most of these studies are mainly based on the optical data
(BVI-band) for the LMC Cepheids from the Optical Gravitational Lensing Experiment (OGLE,
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U a.,, et al., 1999a) database. Th.
. Ulustrated in Figure 5.1 for the extinction corrected V-bandPL relation with the OGLE LMC Cephe.ds. The existence of two LMC PL relations is further
supported by the results fro. a rigorous statistical test (the ^-test), as presented in Kanbur ^
Ngeow (2004), which shows that the V- and Lband LMC PL relations are better described by twoPL relations. Since most of these studies, such as the the work of Tammann & Reindl (2002) and
Kanbur & Ngeow (2004), are mainly based on the optical data (BVI-band) for the LMC Cepheids
from the OGLE (Optical Gravitational Lensing Experiment, Udalski et al., 1999a,b) database which
are truncated at log(P)
. 1.5 due to CCD saturation, Sandage et al. (2004) and Kanbur et al. (2005)
used additional data that are available from the literature, especially those with log(P) > 1 5 to
further support the existence of two PL relations in the LMC. The reason that the LMC PL relation
i. non-linear is because the period-color (PC) relation for LMC Cepheids is also non-linear across the
10 days period (Tammann & Reindl, 2002; Kanbur & Ngeow, 2004; Sandage et al., 2004; Kanbur et
al., 2005). Recall that both of the PL and PC relations follow the PLC relation for Cepheid variables
(see Madore & Freedman 1991 for the basic physics of PLC relation).
It it important to verify the non-linearity of the LMC PL relation from these earlier studies,
which are mainly obtained from the OGLE data, with an independent dataset. Hence, we examine
the non-linearity for the optical LMC PL relation with the Cepheids data obtained from the MACHO
database (Alcock et al., 2000) in this chapter. In addition, we also investigate the LMC PL relations
in the near infrared (NIR) bands (i.e., JHK-band) to see if these PL relations also show a non-
linearity across the 10 days period.
5.2 LMC Data and the Extinction Corrections
The data for the fundamental mode LMC Cepheids are adopted from Nikolaev et al. (2004),
which include the V- and R-band mean magnitudes, as well as the periods, from the MACHO
database and the J-, H- and K-band mean magnitudes from the 2MASS database (Skrutskie, 1998).
The mean magnitudes in V- and R-bands are computed from the complete light curves with the
MACHO photometric data. The (random phase) magnitudes in J-, H- and K-bands are from the
2MASS single epoch observations, hence the mean magnitudes in these NIR bands are obtained
with a random-phase correction function. The details for obtaining the mean magnitudes in all
these bands can be found in Nikolaev et al. (2004). The locations of these Cepheids in the sky are
plotted in Figure 5.2.
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Figure 5.1 -The extinction corrected V-band PL relation for the LMC Cepheids from OGLEdatabase where the data are taken from Kanbur & Ngeow (2004). The solid lines are the fit-
1.^.
^° ^"^ '^""'^ P«"°d Cepheids, while the dashed line is the fitted PL relation to
all Cepheids.
The next step in the analysis is to obtain the extinction-corrected mean magnitudes for these
Cepheids. This was done by applying an extinction map with the following values of Rx (ratio of
total-to-selective reddening, and Rx = Ax/E[B - K]), in order to be consistent with Nikola^v et al.
(2004):
Rv,R,j,H,K = {3.12, 2.56, 0.90, 0.53, 0.34}.
The LMC extinction map we used is taken from Zaritsky et al. (2004). In brief, given the coordinates
for each Cepheid and a search radius r, the extinction map returns the average value of extinction,
Av ± aAw (where cr^v = std. deviation/v/]V), from the stars bounded within the search radius.
The extinction map allows to choose the obtained from cool stars (5500K < Te// < 6500K),
hot stars (12,000K < Te// < 45,000K) or both. Since Cepheid variables are cool stars, we only
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Figure 5.2 -The distribution of the MACHO Cepheids in the sky. The boundary of the Zaritsky's
extinction map ,s outhned a^ dashed lines. The three Cepheids without the extinction are marked(red) squares with cross. The 8 outliers are marked a^ (red) filled circles. The dashed box roughlydenotes the location of 30 Doradus. The box is centered at {RA,DEC) = (84°.675 -69° 101) with
the size of 0.5°.
'
use the extinction values from the cool stars. We use r = 2' to ensure that there are sufficient
number of stars within the search radius to obtain the (usually more than 10 stars) i. However,
there are two Cepheids with locations beyond the extinction map and one Cepheid without any cool
stars within the r = 3' radius. For simplicity, we assume = 0.3 ± O.lmag. (roughly the mean
extinction of LMC) for these three Cepheids. The locations of these three Cepheids are labelled
in Figure 5.2 as squares with the cross. After the values of for the Cepheids are obtained, the
extinctions in other bands are calculated with the following relation: Ax = {^)A^ with the errors
^'^>^ ~ (^^)^'4v, where A denotes the passband.
'Only two Cepheids with enclosed stars that are less than 10
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We then remove 8 outliers out of 1330 Cepheids (all of these outlie. have log[P] < 0.75) fro. the
to the fitted PL relations at the san.e period. It is possible that the extinctions for these outliers
are underestimated because they are not obvious in the NIR PL relations. However the locations
of these outliers are away from the 30 Dora^us region in LMC, a well-known star-formation region
w>th high extinction (see Figure 5.2). Another possibility is that they are Type II Cepheids that
are mis-identified as the classical Type I Cepheids. However, it is clear that these outliers should
be removed from our sample. In addition, we also remove the Cepheids with log(P) < 0.4, in order
to guard against the possible contamination from first overtone Cepheids (Udalski et al., 1999a)
and the possible incompleteness at the faint end, a. well as to be consistent with previous studies
(Kanbur & Ngeow, 2004; Sandage et al., 2004). This leaves 1216 Cepheids for further consideration.
Note that Udalski et al. (1999a) ha. applied the same period-cut to the OGLE LMC Cepheids to
derive the PL relation that ha. been used in, e.g., Freedman et al. (2001).
5.3 Analysis and Results
The extinction-corrected VRJHK-band PL relations are plotted in the left panels of Figure 5.3-
5.7, along with the weighted least squares regressions (Press et al., 1992), include the single-line
regression for entire period range and the two-line regression for long and short period Cepheids
respectively, fitted to the data. The long and short period Cepheids are separated at a period of 10
days. Sandage et al. (2004) ha. discussed the significance of the discontinuity at 10 days, which will
not be repeated here. Other evidence that supports the discontinuity at 10 days are: (a) the works
of Tammann et al. (2002), Kanbur & Ngeow (2004) and Sandage et al. (2004) strongly suggests
that the LMC period-color (PC) relation is also non-linear with discontinuity at 10 days (see also
upper panel of Figure 5.8); and (b) the Fourier amplitudes from the light curves of the short period
(P < lOdays) Cepheids are also radically different from their long period (P > lOdays) counterparts
(Udalski et al., 1999a; Ngeow et al., 2003; Sandage et al., 2004, and reference therein), which is a
well established fact in stellar pulsation. It is worth to note that it is very difficult to statistically
test the precise period that the discontinuity in the PL relation occurs because of the intrinsic width
of the instability strip that causes the PL relation has an intrinsic dispersion. The confirmation of
the discontinuity at 10 days has to be done with the stellar pulsation modelings, which is beyond
the scope of this chapter. Hence, we follow the existing works (Tammann & Reindl, 2002; Kanbur
& Ngeow, 2004; Sandage et al., 2004) and consider a discontinuity at 10 days in the chapter.
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The weights that are u»ed i„ the regressions are the quadrature su. of the photonretric errors
.n mean magnitudes the errors from the random
„^
JHK-bands
.the errors frou, extinction (..J , and the intrinsic dispersion due to the hnite width
of the .stability strip The dispers.ons of the PL relations in each band from Madore FVeed
man (1991, hereafter MF91 in this chapter), <r,s(V. R. J. H.K) = (0.29, 0.25, 0.16, 0 14 0 13) can
be initially adopted for <r„. However, a comparison of the dispersions given in Mr91 with Gieren
e. al. (1998), Persson e. al. (2004) and Sandage et al. (2004) suggest that the VR-band and the
JHK-ba„d dispersions given in MF91 should be scaled by ~ 0.73 and ~ 0.88, respectively. Hence
we adopt the following values for the intrinsic dispersions:
<'ls{V.R,J.H,K) = [0.21, 0.18, 0.14, 0.12, 0.11).
The adopted such as those originally given in MF91, does not affect the results from the
following statistical tests.
The results of the regressions are summarized in the bottom of the left panels in Figure 5.3-5.7.
FVom these figures, the V- and R-band PL relations suggest that there is a discontinuity at 10 days,
marginally in the J-band PL relation, but not obvious in the H- and K-band PL relations. The right
panels of Figure 5.3-5.7 show the residuals of the fit a. a function of period using single-line and
two-line regressions. FVom the residual plots, both of the V- and R-band residuals show a trend at
log(P) > 1.0 when using the single-line regression. These trends are removed if two-line regressions
are used to fit the data. These findings also support our assumption that the discontinuity of the
PL relation occurs at a period of 10 days. Similarly, the J-band residuals show a marginal trend,
which is not obvious in the H- and K-band.
5.3.1 Statistical Tests for the Data
To investigate the possible non-linearity of the PL relations in Figure 5.3-5.7, we applied the chi-
square test and the F-test (as given in Weisberg, 1980) using the weighted least squares results. The
null (Ho) and the alternate (Ha) hypothesis represent the reduced and the full models, respectively,
where the reduced models are obtained by setting some parameters in the full models to certain
specific values (e.g., zero, some values or equal to each others, see Weisberg 1980). Hence our
reduced models is a one-line regression (two-parameters) fit to the entire period range, and the Hq
is that one-line regression is adequate to describe the data. In contrast, the Ha is that the full
model is necessary to fit the data. Here, we consider three diff"erent kinds of full models:
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1. A two-line regression (four-parameters) with discontinuity at a characteristic period, Po, i.e.,
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m = a^\og{P) + b^,P <
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1 A piecewise regression (three-parameters) that forces tlie two-line regression to be connected
at Po, i.e.,
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m = c + dx min[log(P), log(P„)] + e x max[0, log(P) - log(P„)],
such that the zero-point for long period PL relation is c + dlog(P„) - elog(Po).
3. A second-order polynomial (three-parameters) of the form of:
m = a + /?log(P) + 7[log(P)]2,
which is used to fit all Cepheids.
The results of the weighted regressions for the two-line model have already been given in the left
panels of Figure 5.3-5.7, while the results from the weighted regressions for both of the piecewise
model and the polynomial model are presented in Table 5.1.
To apply the chi-square test and the F-test, we then calculated the weighted error sum of squares,
SSE = Zlmii) - m(i)]V[a2(i) + + a^^ii) + ajg], for both Ho and Ha, where m{i) is the
observed magnitudes and m{i) = dlogP(i) + 6 is the fitted magnitudes from weighted least squares
for i^^ Cepheid. Under Hq, the difference of the SSE:
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We.*e..
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„,
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^^^^^^^ ^^^^
respectively. For large number of data points (TV) this is essentiailv f
^
^'^"'^'^^'''' l y the same as applying a standard
F-test (wluch numy regression packages produce) under weighted lea^t squares, where
F =
(5.2)
whic:h is approximately an F(.,,_„,.,
,
distribution under the null hypothesis (see Chapter 6 also)
The corresponding probability (p) for the and the F-values, under //„, can be obtained from
consulting the standard statistical books or softwares. A large value of and/or F (hence sn.all p)
indicates that the null hypothesis can be rejected. The results for the chi-square test and the F-test
are presented in Table 5.2 and 5.3, respectively.
Table 5.2 -The results of the chi
-square test, with Hp =one-line regression.
=two-lines Ha =piecewise Ha ^polynomial
Bandpa.ss
x'^ p{\^) pix^) p{\^)
30.848 0.000 29.600 0.000 14:384 0000~"
R-.. 33.397 0.000 31.943 0.000 16.861 0.000
16.019 0.000 13.258 0.000 9.5534 0 002
11.519 0.003 9.7781 0.002 7.5275 0 006
H.
K... 4.9810 0.083 3.8766 0.049 1.6977 0.193
FVom these tables, the null hypothesis for the VRJ- & H-band PL relations are rejected with
99.5% confidence level, corresponding to the p-valuc to be smaller than 0.05, and hence either of
the three different kinds of full models are needed to describe the data (except for the H-band PL
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0.000 26.313 0.000 13.749 0000
0.000 22.074 0.000 15.825 0000
—
.... 0.000 17.464 0.000 13 400 0 OOn
relation with polynomial Ht in the chi.,ua. test, however the value of, . 0.06 . ,na,ina.)
. A.ong
t e tH.ee lul, n.odel. weW the two-Hne.
.,e.ion
.odel instead of the polynomial ht Because
of the following reasons: (a) the res.dua, plots in P.gnre 5.3 or Figure 5.4 suggest that the two-hnes
regression is more applicable; (b) the period-color (PC) relations are more consistent w.th two-hnes
regression (see Figure 5.8 below and Tammann & Reindl 2002; Kanbur & Ngeow 2004; Sandage et
al. 2004, as well a. Chapter 6 & 9); and (c) a simple period-mean density relation predicts a PL
relation linear in log(P) but not in [log(P),^. For the two-line regression model vs. the piecewise
regression model, it is true that "true" non-linear.ty of the PL relation may be in the form of either
models. However it is difficult to test this with the data, and the future theoretical calculations can
be used to answer this problem. Here we adopt the two-line model a. the form of non-linearity m
order to be consistent with the studies in this Thesis Dissertation and in the literature (Tammann
et al., 2002; Kanbur & Ngeow, 2004; Sandage et al., 2004). Nevertheless, the VRJ- & H-band LMC
PL relations are shown to be non-linear. In contract, the null hypothesis for the K-band PL relation
cannot be rejected from the statistical tests. Hence the K-band PL relation is consistent with single-
hne regression. Therefore, the VRJ- and H-band PL relations are consistent with two PL relations
with discontinuity at 10 days, while the K-band PL relation is marginally consistent with a single
PL relation across the entire period range.
5.4 Conclusion and Discussion for this Chapter
By applying the statistical tests to the VRJHK-band PL relations obtained from the MACHO
and 2MASS data, the VRJH-band PL relations show strong evidence that they are non-linear, with
two PL relations discontinued (or broken) at 10 days, while the K-band PL relation is marginally
consistent with the linear PL relation. The non-linearity of the extinction corrected V-band PL
relations as seen from two independent datasets, one from the OGLE data (Tammann & Reindl,
2002; Kanbur & Ngeow, 2004; Sandage et al., 2004) and another from this study, strongly indicates
that this non-linearity is real and not due to the artifacts of, for example, the extinction error.
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Note that Person et al.
,200.) suggested the N,R PL relations (based „„ . 90 LMC Ce„h d .Hneat, „H,eH is p„W., due to the s.a„ „„.he. ot s„o„ peHod Cephetds! !
t(con,p„ed to > ,000 sho„ peHod Cepheids i„ out sa.p,e,
'
log(P)
SicHo'^MA^S^MtS^^ — the
As mentioned in Chapter 1.2.1, the reason that the PL relation is non-linear is because the PC
relation for the LMC Cepheids is also non-Hnear (Tammann & Reindl, 2002; Kanbur & Ngeow,
2004). This can be clearly seen from upper panel of Figure 5.8 for extinction corrected {V - K)
PC relations. Since both of the PL and PC relations obey the more general PLC relations, the
morphology of the PC relation will affect the morphology of the PL relation (Madore & FVeedman,
1991). Recall that the luminosity variation for the Cepheid variables in visual bands is dominated
by the temperature variation (Cox, 1980). This can be seen from the perfect blackbody curves from
Figure 5.9. However, a^ the wavebands move toward the infrared, the radius variation begin to
dominate the variation in the infrared PL relations (Madore, 1985). Since there is no obvious reason
that the period-radius relation for Cepheids should be non-linear (see, e.g.. Bono et al., 1998; Gieren
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Figure 5.9 -The blackbody curves at two selected temperature. The vertical lines denote the centralposition ot the bandpasses in wavelength.
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CHAPTER 6
.n th. chapter we a„a„. the behavio. „, Galactic. LMC and SMC Cepheids ,„ ter,„» of peHod-
color (PC, and a„,phtude-c„,„r ,AC, d.agra.. at the ph,.e of ™a..„.,
.ea„ and
We B„d very different behavior between Galactic and Mageiianic Ciond Cepheids. Motivated h,
recent report of a break in LMC PC relations at 10 days, we use the F-statistica, test to examine thePC relations at mean I.ght in these three galaxies. The results of the ^-test support the e.,ste„ce of
the break occurred in LMC PC(„,ean, relation, but not .n the Galactic or SMC PC(n,ea„) relation
Furthermore, the LMC Cephe.ds also show a break at minimun, light, which is not seen in the
Galactic and SMC Cepheids. We further discuss the effect on the period-lunrinosity relations in the
LMC due to the break in the PC(mean) relation.
6.1 Purposes for Studying the Period-Color and Amplitude-Color Rela-
tions at Maximum, Mean and Minimum Light
Simon et al. (1993) suggested that the period-color (PC) and amplitude-color (AC) relations for
the Cepheid variables are intimately connected. This can be derived using the Stefan-Boltzmann
law, along with the fact that the radius fluctuations are small in the optical (Cox, 1980), applied at
maximum and minimum light to show that:
logT^ax - l0gr„,„ = ^{Vrmn - Knax), (6.1)
where Tmax and Trmn refer to the effective temperature at maximum and minimum light, respectively.
If, for some reason, T^ax is independent of periods (i.e., the PC relation at maximum light is flat)
and the color used is a good predictor of temperature, then equation (6.1) predicts a relationship
between V-band amplitude and T„,„, and thus a correlation between the V-band amplitude and
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the AC relations. The „,otivatio„ for Sinron et al, ,t..3) to derive conation (a „ i!to explain the observational facts that the Gal.tic Cepheids show a spectr. type
.dependent o,
period at maximum light (Code, 19471 This «nrl fV,o u, ,I e, iy /j. i , a d the possible physics behind the flat PC relation
at maximum light, will be discussed more in Chapter 8.
F^^rthermore, Tammann et al. (2003) used Galactic and OGLE LMC/SMC Cepheid data to show
that there is a difference in the PC relations in these three gala^es. Also, Tammann & Reindl (2002)
and Tammann et al. (2002) show the existence of two PC relations, one for short (P < 10 days) and
one for long (P > 10 days) period Cepheids, in the LMC (see Chapter 1 & 5). Motivated by this
and the presence of high quality Magellanic Cloud Cepheid data from the OGLE project (Udalski et
al., 1999a), we decided to investigate the properties of Magellanic Cloud Cepheids in terms of their
PC and AC relations at maximum, mean and minimum light.
In addition to the two major reasons mentioned above, we list a number of other arguments
motivating the present study;
1. Since the mean light is just that
- the average over a range of values - interesting properties
of Cepheids at mean light are due to the average of these properties at all pulsation phases.
By investigating the phases of maximum and minimum light, we are studying those pha.es of
stellar pulsation which contribute to the observed properties at mean light. Our interest lies
in understanding the breaks in the LMC mean light Cepheid PC and period-luminosity (PL)
relations at 10 days as shown in previous chapter. Similar to equation (1.2), let y^, be the
(absolute) magnitude of Cepheid variable stars, i = 1, AT,,,, at the j'" phase (j = 1, J)
during a pulsation period P,. Then we can formulate a PL relation at a particular phase as,
Vij =aj\og{Pi) + bj, (6.2)
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where a„ 6, are the unknown coefficients as a function of the phase
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over 90% of .he varia.i„n in ligh. curve shape. Thus .he V-band ampli.ude can be .aken
.o
be a good descrip.or of V-band ligh. curve shape. A similar conclusion holds for
.he I-ba,d
Because
.he op.ical brigh.ness fluc.ua.ions of Cepheids are pred„n,ina„.l, due .o
.empera.ure
«uctua.ions (Cox, 1980), ,. is .hus ins.ruc.ive
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-and ligh.. Fur.hermore, since AC rela.ions are related
.o PC rel..ions
.hrough
equa.ion (6.1), .heir s.udy can serve as a useful complement
.„ s.rengthen any conclusions
reached using PC relations.
6.2 The Galactic, LMC and SMC Data
The standard Johnson-Cousins V- and I-band data for the fundamental mode Cepheids in the
Galaxy, LMC and SMC were used in this study. For both of the LMC and SMC Cepheids, the
periods, V- and I-band photometric data and the E{B-V) values for every Cepheid were taken from
A si;:;"; ttzzz::i^ L?ttTo-;rt,t '''''''
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,). The p„ot„.etHe daU ,o, GalacUc Cepheid. we. „Ua,„edtwo sources: (a) Moffettt Barnes (1984), where aet,„IH,„ j , .
'
""^'"'l downloaded from the McMasterCephetd database; and (b, Berdnikov and Berdni.ov
. Turner (.001,. Tor Cepbelds thathave entries
,„ both BerdnlKov (1997, and Berdnikov
. Turner (200,,, photometric data from thesetwo sources were merged together to provide a better h,ht cnr.e. Since the bandpasses nsed in
Moffett
.
Barnes (1984) are in Johnson V and 1, we converted the Johnson ,.band photometric data
.n th,s dataset to Cousins l-band with the color transformations given in Co„l»n et a, (198.)
The Cepheid photometric data in these three galaxies were then htted with a Fourier expansion
-
given in e<,„ati„n (2,2), We us^ a simuiated annealing technique to Ht the data with this
Fourier expansion, as described in Chapter 2,2, Thus our Fourier hts are carried out to published
Photometric data and our means are magnitude means. For Galactic da.., we adopted a Bfth order
expansion („ = 5) to most of the Oephe.ds, However, in certain cases a fourth or sixth order Fourier
expansion gave a better ht to the data. For OGLE LMC Cepheid,, we fit the data with „ = 4,
as this data^el is also used in Ngcow e, al. (2003) and in Kanbur et al, (2003), For OGLE SMC
Cepheids, we mainly lit fourth or fifth order Fourier expansions to the data, while son.e of them
were fitted with sixth order. All fit,«l light curves were then visual], inspected (see Kanbur et al,
2003 for the selection criteria). Figure 7 of Ngeow et al, (2003) illustrates the improvement that
can be obtained when using our fitting method to the observed light curves. We only selected those
Cepheids with well fitted light curves in kotk V- and I-bands, In addition, we exclude Cepheids with
log(P) < 0,4 to avoid possible contamination from first overtone Cepheids (Udalski et al,, 1999a),
The numbers of Cepheids in the final samples are: 79 from Molfett & Barnes (1984) data; 75 from
Berdnikov data; 634 from OGLE LMC data; and 391 from OGLE SMC data, FVom the Fourier fits
we obtained the following quantities:
1. V- and I-band amplitude from the numerical maximum and minimum of the Fourier fits:
Kimp = Vmin - Knai. lamp = Imin - Imax-
^http
: //dogwood
.
physics .mcmaster
. ca/Cepheid//HomePage
. html
^Note that the column of fl - should be swapped with column of V - in this dataaet.
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Vampiiiuoe
period Cepheid«, respectively The dJed !nH 1 H 1 ^""^.'""^'^^ correspond to short and long
color relations to short and long perS Cephetis^^ rT P-iod-color and amplitude'
Cepheids are N.,^^, = 113 an^/^" ^Tl t^^^^^^^^
The number of short and long period
amplitude-color relations. ' P«"°d-color relations. Right (b): The
2. (V - I)max- defined as Vmnr - Lh^ wh^r^ r ; i l .ax iphmax, W e e is the I-band magnitude at the same
phaae as V^ax-
3. {V - I)mean: defined a. l/^^an - /M.ean, where W„„ is the I-band magnitude at the same
phase as K„.„„ and K..„„ is the V band magnitude closest to mo, the mean value in equation
(2.2).
4. {V - I)rmn: defined as Kn„ - where /p,^,„ is the I-band magnitude at the same phase
Finally, the colors at these three pha.es have been corrected for extinction using
.1^,; = RyjE{B-
V). The values of R are: Ry = 3.17, R, = 1.89 for Galactic data (Tammann et al., 2003), and
Rv = 3.24, Rj = 1.96 for OGLE LMC and SMC data Udalski et al. (1999b,c). In fact, the results
are unchanged for the values of Ry and R, a. long as Ai? ^ i?^ - i?; = 1.28 as given in Tammann
et al. (2003), because {V - /)„ = (K - /) - A/? E{B - V). We apply the same extinction values
of Ayj to the colors at maximum, mean and minimum light, since the quantities of Ayj should
remain unchanged for any pulsation phases. In addition, our results are unchanged if we adopt
> - < I >)o for the mean color as in item (iii) above.
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Figure 6^3 -The period-color and amplitude-color relations at phases of maximum, mean and mini-mum hght for OGLE SMC Cepheids. The open circles and filled circles correspond to short and bngpenod Cepheids, respectively. The da^^hed and solid lines are the fitted period-color and amplitude-
color relations to short and long period Cepheids, respectively. The number of short and long period
Cepheids are N.^ort = 334 and Ni^ng = 57. Left (a): The period-color relations. Right (b)- The
amplitude-color relations.
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6.3 Analysis and the Results from the Statistical Test
Figu.ese.l.6^2a„d6.3*owthep,„.„„og(P),3.,V-„„,„,„„,^
^a.a..ed,„.._.Ko..„.,eeda.«.„.eC..,aMC.dSMC,...l^^^
a,» ro. .on and penod Cep«. Ta.. a., and
...J,:.
e ft s to pe„od.e„,or and a.pm„de.co,„,
..ation.
.spectivel. ,„
.k«e tables, co,„.„
,he pH at ..c. the «t
. .ade . eithet at n.a.,.„„.
.ean ot
eo,„„.„ , ,
.a e„ d MUS and ,ep.e.ents the .ean te.d„. su. o, ,„„e. fto. t.e St to the ent.e
The Slope ol the h„e» „t together
.ith its
.sociated e„„. Is ,ve„ in eolo.n 3. Columns
. and 5
g.ve the residual „ea„ su. of senates and slope plus e,r„t lot the shott peHod Cepheids. Colnntns
6 a.d 7 do this for the longer period Cepheids. Column 8-„
.i,| discussed shortly. ,„ Figure
6.1-6,3 we have plotted the fitted lines for short and long period Cepheids as solid »d dashed lines
respectively.
What i. of interest for the present study is whether these PC plots show statistical evidence of a
change of slope at a period of 10 days. To investigate this, we can fit a regression line over the entire
penod range and then fit two regression lines, one separately for short and long period Cepheids
The former ca.e is the reduced model while the latter case with two separate regression hues is the
full model (see Chapter 5 also). We can write the model under consideration a.:
y = bsWs + biWL + asZs + ulZl + e. (6.3)
Here Y is the dependent variable, in our case (V - /)„ color at any of the three phases under
consideration. Ws is an indicator variable which is 1 if the star's period is less than 10 days and
0 otherwise. Wl is an indicator variable which is 0 if the star's period is less than 10 days and 1
otherwise. The variable Zs contains the independent variable, either log(P) or Vamp, but is zero
if the period is greater than 10 days. Z^ is similar but is zero for periods less than 10 days. The
parameters 6s, 6l, as and are the zero-points and slopes for short and long period Cepheids,
respectively. Thus what is of interest is if the data are consistent with = as: the slope is same
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for long and short period Cepheids. Weinberg (1980) shows fh.f .u-
, .
^ ^^'^ situation an appronriateF-test statistic can be formulated described in the fnll •
PPropn
a m following equation (see Chapter 5 also),
F = i^^lRlL3SSp)/[(J^^^ 4),
RSS^/iN^ ' (6.4)
2^ nss «... _ , ^^^^ ^^^^^^^
t.e . ..... .
. .„ .
^^^^
^ho
a.„„e„„e).,„m.e„.. The rou..pa,a.e.er
.^..o„ ,U. .wo
1."-) w,„ Have a »„a„e. re.daa, of
.,„are,. The p.obabih., of the observed value of the F
-..tie,
„„<fe. the „„„ hypothe... give, the
.g„,„ca„ce o, thi. reduction in .„„ of
.t,„are.Thu. aW value of F. hence ™a„ KF), indicate, that the „„„ h„„t„e,i.
value a. de.cribed above. Note that becau. there are fewer ob.erved long period Cepheid., the
error on the .lope for the long period PC relation. , generally larger but this i. automatically taken
account of by the F-test.
11 could al.o be that the short and long period
.lope, are .inrilar but that the F .tati.t.c produce
a
..gnilicant rcult becau», the intercept, are dilferent. In thi. ca«e, we can al«, compare the
.tat,.tical
.ignihcance of difference. 1„ the .lope, of the.e regrclon. by referring the quantity.
' - ("s-OLj-r^, (6.5)
a
_
[MS WS
""^-"^
- iJsS^ssL^ (6.6)
MS = + SSl
Ns + Nl-4 (6-7)
to a t distribution with Ns + N,~4 degrees of freedom, pit) is the probability of the observed value
of the t statistic under the null hypothesis that the two slopes are equal. In the above formulae
SSs, SSl, Ns, Nt, as, at are the residual sum of squares, the number of Cepheids and the slopes in
the PC or AC relation for short and long period Cepheids, respectively. Columns 10 and 11 in Tables
6.1 and 6.2 give the values of t statistic and its associated pit) value from two-tail t distribution.
Our figures do not contain error bars on the estimated values of the (K - /)„ color. These
error bars are typically less than the size of the symbol. This includes errors due to photometry
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Table 6.1
-Period-color relat
Phase
(1) (2)
Max 0.009
Mean 0.008
Min 0.007
Max 0.010
Mean 0.009
Min 0.008
Max 0.013
Mean 0.008
Min 0.007
0.142 ± 0.031
0.264 ± 0.030
0.310 ±0.028
0.205 ± 0.020
0.239 ±0.018
0.291 ± 0.018
0.324 ± 0.021
0.272 ± 0.017
0.276 ± 0.015
0.006
0.006
0.005
0.010
0.008
0.008
0.013
0.007
0.006
Slopes MRSI
jalactic
0.389 ±0.062 0 013
0.229 ±0.062 0 013
0.330 ±0.058 0.013
OGLE LMC
0.234 ±0.030 0.008
0.152 ±0.027 0 007
0.204 ±0.027 0.009
OGLE LMC
0.396 ±0.039 0 011
0.229 ±0.030 0.012
0.282 ±0.027 0.010
0.020 ±0.105
0.373 ± 0.104
0.309 ±0.104
-0.031 ± 0.101
0.590 ±0.097
0.493 ±0.109
0.207 ± 0.071
0.340 ±0.074
0.229 ±0.066
7.95 0.00 3.40
1 05 0.35 1.34
006 0.94 0.21
2.67 0.07 2.24
13.19 0.00 4.10
10.38 0.00 2.73
3.16
1.77
0.42
" MRS denotes mean of residual sum of squares from the fit
all, short and long Cepheids in the sample respectiveTy
^ Slopes for the period-color relations for all, short and long per.od Cepheids in the sample.
0.04 2.23
0.17 1.65
0.66 0.87
MRSA, MRSs and MRSl are for the
0.03
0.00
0.01
0.03
0.10
0.38
fits to
Table 6.2 -Amplitude-color relations at maximum, mean and minimum light.Phase
(1)
MRS^
(2)
Slope"^
(3) (4)
Max
Mean
Min
0.010
0.010
0.009
-0.098 ± 0.042
0.241 ± 0.042
0 322 ± 0.041
0.007
0.007
0.007
Max
Mean
Min
0.010
0.011
0.011
-0.285 ± 0.023
0.016 ± 0.025
0.140 ± 0.025
0.007
0.008
0.009
Max
Mean
Min
0.010
0.012
0.012
-0.438 ± 0.021
-0.158 ± 0.023
-0.065 ± 0.023
0.007
0.007
0.008
Slope'',
(5)
MRSI
(6)
Galactic
-0.313 ±0.058 0.012
0.011 ±0.059 0.014
0.145 ±0.058 0.013
OGLE LMC
-0.393 ±0.023 0.007
-0.118 ±0.024 0.008
0.017 ±0.025 0.009
OGLE SMC
-0.419 ±0.018 0.010
-0.144 ±0.019 0.017
-0.047 ±0.020 0.011
Slopel
(7)
F
(8)
P(F)
(9)
t
(10)
-0.169 ± 0.088
0.275 ±0.095
0.276 ± 0.089
-0.160 ±0.058
0.322 ± 0.064
0.321 ± 0.065
-0.308 ± 0.070
0.034 ± 0.092
0.104 ± 0.076
15.54
10.98
9.76
93.12
95.99
92.66
80.45
75.40
82.45
0.00 1.50
0.00 2.65
0.00 1.36
0.00 3.62
0.00 6.42
0.00 4.33
0.00 1.79
0.00 2.54
0.00 2.21
P(t)
(11)
" MRSS denotes niean of residual sum of squares from the fit. MRS,,, MRSs and MRSl are for the fitsall, short and long Cepheids in the sample, respectively.
* Slopes for the amplitude-color relations for all, short and long period Cepheids in the sample.
0.14
0.01
0.18
0.00
0.00
0.00
0.07
0.01
0.03
to
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and redde„,„g. A
.yp.cal V-ba„d photo,„etr,c e™
,„„.ed by the OGLE te.„ i» 0 015 .perhaps a» ,„„ch a. O.OSmag. for reddening.
,f „e add these ^ /
»i^a for .he photometry is 0 052„ag ,f I ' ° ""^^
'^"""'^
= * the I-baad („i,h error of0.0
.
to COOWg., a„d again add np the error. ,„
,„adratnre. then a typiea, error ZiV
- /). coior
. .
o.r.., strrcfy
.pea.ng this error
.ho.d be ineinded ,n a weightedj
.e. ,t eo„.tr.ti„g onr period-eo.or or a.p„t„ae-eo,„r ht. The „e,ght. are he i I
.he error a..gr,ed to each data point. However if the weight, are eon.ant for eaeh
.tar thl
l.near regr«.,on. Hence the o„,y way that incision of error, in o„r ,ea.t
.,nare. at. can affect the
.^.ca^ce Of o.r
.
.tati.t,c re.„,t. i. if the error, are
.y.te,natiea„y greater for iarge nanrber. of
e,t or .hort or ,o„g period Cepheids. ,f this i. the ca.e, it wi„ affect not only onr wor. bat a,»
publ,.hed value, of the LMC PL relation, in the V- and ,-band (e.g., in Udal.ki et a,. f999a,
We now di.cn.. the a..„,„ptio„. re<,„ired by the F.t«t. The.e are the error i„ e,„ati„n (6 3,
.
constant for all the .tar. in our .tudy. and further they are nor.ahy d..tributed with
.ero .c»
To test the.e a,.umpti„n.. we analy^ the OGLE LMC data in greater detail. Figure 6.4 .how. the
plots of rciduals fro™ a single PC fit and two PC fit. to the entire data against log(F) We .ee
no d,.er„ible trend in the si.e of the r«iduals with period and are led to the conclusion that the
residual, are honroskedas.ic (i.e.
. . constant). This .upport. our approach of adopting a co„.ta„t
-r to gauge photometric errors when doing a lea.t
..uare. fit. In addition, the residual, in Figure
6.4 from the fit with a single PC relation
.how a trend (though not i„ the .i.c of the re.idual.)
m long period Cepheids, which i. reduced when using two PC relation, for .hort and long period
Cephe,ds to fit the data. In order to test that the residual, are normally distributed, wc can plot
the quantile. of the distribution resulting from the ordered residual, against the expected quantile.
from a normal distribution: a ,<,-plot. If the residual, are indeed normally d,.tributed then this plot
should be dose to the line y = x. Figure 6.5 shows such a plot. There i. .ome .mall departure from
normality at the extremes but we contend that thi. plot ju.tifies our u.c of the F.te.t.
There i. a great deal of information in Table 6.1 & 6.2, but for the context of the pre.ent .tudy
we summarize the results in the following section.
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6.4 The Period-Color and Amplitude-Color Relations
6.4.1 Results of the Period-Color Relations
For the Galactic Cepheids, the slope of the long period PC relation at maximum light is close to
zero. Further, the overall slope at maximum light is the shallowest. This then supports the work of
Code (1947). In addition, the F- and i-test indicates that the PC relation at maximum light is not
consistent with a single slope. However, the mean and minimum light PC relations for the Galactic
Cepheids are consistent with a single line.
For the LMC Cepheids, the slopes of the long period PC relation at maximum light is also close
to zero, decreasing significantly from its value for short period Cepheids. The slope at mean and
minimum light all increase when going from short to long period Cepheids. In the LMC, we see that
the PC relation at maximum light is not consistent with a single line at the 93% confidence level.
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Normal quantiles
rr of r="r°'
"'"^^ ^"^-^'^^^
^--t^'-. the ,,.p,ot. The Hne is the
However, in terms of the F-test, the PC relation at mean and minimum light does show evidence to
support a break at 10 days. Note that at both these phases, the slope of the PC relation for longer
period Cepheids is much steeper than for shorter period Cepheids.
In the ca.e of the SMC again the PC relation at maocimum light is much flatter for longer period
Cepheids than for shorter period. The relation at mean light for longer periods is steeper than at
shorter period. Only the PC relation at maximum light shows (marginal) statistical evidence of a
break at 10 days.
We note that the slope of PC relation at maximum light always decreases in going fron. short
to long period Cepheids in all three galaxies. In contrast, the slope at mean and minimum light
always increases except for the Galactic and SMC Cepheids at minimum light. We also make the
interesting observation that the dispersion of the PC relation, whether for the entire sample or
either short or long period group, is always the smallest at minimum light in these three galaxies.
A glance at the F statistic for mean light for the LMC Cepheids, we reject the null hypothesis of
98
a single PC relation for long and short period LMr r.„k j
|,„., „ . .
•^'P'"'*
"« sreater than the 99% confidencelevel, confir™,„g the finding of the broken PC relation in LMC (T^„.,n e. al 2002- T
Reindl, 2002). However, the Galactic and SMC n,ea„ light PC rel t^ mean a ion is consistent with one line.
6.4.2 Results of the Amplitude-Color Relations
The AC relations all show statistical evidence of twn lin. .
, ,
.
, ,
^^"^ greater than 99.9% confidence
level with the F-test. At mean and minimum light, we see that the , . uS u slopes of the AC relation
.ncrease s.gn.ficant,
.hen going fro„ short to long period Cepheids in three gala^es. However
at ntaxtmu. light the slope heco.es sh.lower for iong period Cepheids. Also, the slopes of the AC
re^Uon at .axi.nnt light are always negative for hoth short and long periods Cepheids in Galax,MC an SMC, which we do no. see in the ntean and ntinhnnm light. ,n addition, the slopes ^
«at for the short period Galactic Cepheids and long period SMC Cepheids at me™ light, hut not
for the Cepheids in LMC.
We also rentark on some important dWerences in the AC plane between Galactic and Mageltaic
Cloud Cepheids. At minintun, light in the LMC and SMC, the slope of the AC relation is 0 0.7±0 025
and
-0.047 ± 0.020, respectively, for short period Cepheids, whereas it is 0.145 ± 0.058 for Galactic
Cepheids
-
more than 2. difference. For longer period Cepheids in the LMC and SMC, this slope
becomes positive (0.321 ±0,065 and 0.104 ±0.076), whilst the longer period AC slope in the Gala^
is always significantly above zero.
Even though Table 6.2 shows that AC relations are significantly different for short and long
period Cepheids in the SMC, Figure 6.3(b) suggests that the effect is much reduced in the SMC
a. compared to, e.g. Figure 6.1(b). One possible reason for this is that SMC Cepheids gave lower
amplitudes than LMC or Galactic Cepheids (Paczyriski & Pindor, 2000). Equation (6.1) shows that
even if the range of T^a. or Tm^ is narrow, but if the amplitudes are not large, then T^,„ or T^a.
will not be driven to such low or high values.
6.4.3 Combining the PC and AC Relations
As discussed in Introduction, equation (6.1) predicts that if the PC relations is fiat at maximum
light, then there will be an AC relation at minimum light, and vice versa. We see some evidence to
support this idea from Figure 6.1-6.3, and from Table 6.1 & 6.2. In summary:
-
Galactic short period Cepheids: PC relation steep at maximum ^ AC
-flat/shallow at minimum.
-
Galactic long period Cepheids: PC relation flat at maximum ^ AC relations
-steep at minimum.
PC relation steep at minimum AC relation ~flat/shallow at maximum.
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relation steep at minimum AC relation ^fl.f / u n
~flat/shallow at maximum.
S,„ce the PL „,a.,„„ ,s affected
.,e PC relation (Madce ^ PVeed^a.,
,,,,, . „f
^«a.,„et,eP.te,at,„„.„tHeOGLKLMCCepKe*,„,.H*o„a^^^^
LMC data ™ppo„ a
.„,e PL te,at.„ ot >s tKe data co„..e„. with a ..ak at a peHod „r to da,s
as siiown in Tammann & Reindl (2002)? We can use th^ P , ,
'
^
"""'^"^^"^^^^-t^^t to investigate the LMC PL relations
in the V- and I-band as in Section 6.3. The results nf th. P , .in o e F-test are shown in Table 6.3, where
column
1 displays the phase and column 2 and 3 show the . statistic and its probability under the
null hypothesis of a single line, for the V-band PL relations. Similar results for I-band PL relations
and minimum light are signihcant
- that is the data are more consistent with a model where the
slopes of the V- and I-band PL relation are different for short and long period Cepheids. However
the data are consistent with a single slope, in both V- and I-bands, for the PL relation at maximum
hght, even though the corresponding PC relation shows some evidence of a break at 10 days (see
Table 6.1).
The actual slopes of the V- and I-band PL relation at maximum, mean and minimum light for
short and long period Cepheids are given in Table 6.4. The second column in this table gives the
overall slope. The third and fourth column give the short period and long period slopes, respectively.
We clearly see that the slope at maximum light is virtually identical for short and long period
Cepheids in both V- and I-bands. This is very different to the situation at mean and minimum
light. How can the PC relation at maocimum light show evidence of a break at log(P) = 1.0 yet the
PL relation in V- and I-band be consistent with one PL relation? This is certainly not the case for
the PL relation at mean light in the LMC. This occurs because the LMC PC relation at mean light
becomes steeper for long period Cepheids whereas at maximum light, the PC relation in the LMC
becomes shallower for longer period Cepheids. Since the PC relation affects the PL relation, this
shallow dependence at maximum light for longer period Cepheids suggests that the PL relation at
that phase would not be affected too much.
100
Table 6.3 -F-test significance results for the LMC PL relation.
Mean 8.86 o.OO 6 25 onn
_Mm___^I:^_____a00 190 0.00
Ite^-f^^^tuc''' ^-'^^^ - -i-., .ean and .ini^u. light for
Mean
-2.75 ±0.04
-2.95 ±0.07 -2 35 ±0 25
Mean
-2.99 ±0.03
-3.10 ±0.04
-2 94±0 18^ z2:88±a0L^3,06±^
_2 33 ± 0 ?
6.6 Conclusion and Discussion for this Chapter
We have presented in Figures 6.1-6.3 new observational characteristics of Cepheids. Following
the work of Tamn^ann & Reindl (2002), we apply rigorous statistical tests to show that at n.ean light
there is a change in the LMC PC relation between short (log[P, < 10) and long period Cepheids'
a. shown in Figure 6.2(a). In addition, the LMC data also exhibit a change in the PC relation at'
m.nin.un. light. However, we find no such change at .ean and n.inin.un. fight . the Galactic and
SMC Cepheids. We also find that the PC relations at .ini.u™ light generally show the smallest
scatter an.ong the three gala.:es, a. compare to the pha.es at maximum or mean light. We also
study the amplitude-color diagrams at maximum, mean and minimum light and find very different
behavior in the three galaxies for short and long period Cepheids. This different not only occurs
within a given galaxy between the short and long period Cepheids, but also occurs from galaxies to
galaxies. For example, the behavior of short and long period Cepheids in LMC is very different (i.e.
Figure 6.2), and the behavior of Galactic and LMC Cepheids of short period is also very different.
Thus we note that there is an effect with both period and metallicity. In addition, the PC relations
clearly show greater structure than a simple two lines regression as used here. For example, the
LMC data indicates another break at log(P) ~ 1.2 (see, e.g., Figure 6.4). This will be the subject
of a future paper.
We discuss some of the systematic effects that may affect our results, as follows:
1. Could reddening errors produce the results displayed in Figures 6.1-6.3? Consider the bottom
panels of Figure 6.1(b) and 6.2(b) showing AC relations at minimum light for the Galaxy and
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Table 6.5 -F-test significance results with color cuts for LMC Cepheids.
^i^i F PiF)
—
F
—mr
0 n .f.
^'^•^ 10.7 0.00
- 9 3 nnl I'-' 0-00
03 19 lit nnt ^-OO 6.38 0.00u.J- .9 2.67 0.07 13.2 0 00 10 4 n nn
0-4
- 1.9 2.48 0.08 14.8 0.00 12 Son
-^^^^^^^--H^--0:0£_ja4__^^
LMC. In contra^t to the Galact. counterpart, the AC relation for short period LMC Cepheids
:s flat. It
.
d.fficult to imagine a s.tuat.n where the published reddening for these short period
Galactic relation, ^rther^ore, we use the EiB - V) values fro. the Hterature, which would
not only affect our results but also other published results that are ba.ed on these values.
2. Could outliers, perhaps stars that have been n.is-classified as Cepheids, produce our significant
results? We examine the OGLE LMC Cepheid data to investigate this question. The plot of
mean (V
- /)„ color against log(P) in the middle panel of Figure 6.2(a) shows a number of
stars which seem to have very red colors. We exclude these stars and repeat our analvsis for
PC relations in the LMC. We note that it is possible to reduce the significance of our result at
mean light by excluding stars that are too red. However if we exclude stars that are too blue,
the F test again becomes significant. This conclusion can be seen in Table 6.5, where we apply
various color cuts to the LMC data and then calculate the F-test. Excluding the Cepheids
with too red or blue color does not alter the results we have in Section 6.4.1.
3. Could we reduce the significance of our results by "judiciously" removing certain stars? Since
we only consider stars with log(P) > 0.4, if we extend this cutoff to 0.6 (P = 3.98 days)
and repeat our analysis, we get very similar results. Also, excluding some of the longer period
Cepheids, those with periods greater than log(P) > 1.4 increases the significance of our results.
Hence the period cut we applied in this study would not significantly alter the results or
conclusions we have.
While excluding stars based on color or period cuts as mentioned above, in some cases, can
reduce the significance of our P-test results at mean light (though never to a p[F] value less than
0.1), such experiments have very little effect at minimum light. If we accept the assertion that
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both V- and ,.ba„d» a„d hence on .he currently„ «ra.galact,c distance »ca,e
ana""T^ "^"'"^ ^-^^ ' ^
MetaUicity dependence on ehe PC relation: PV„.
.he peHod-n.ean den.., re,a.io„ fc, a
pnlsa.or and the Stefen.Bo,t..an„
,aw. it . e.., to show that: ,o.(P, = o,o.(.,.„o,(A,H
TlogCTe//) + const. The parameters (a 13 y\ and ih^ rr.^., . .\ , p, 7j the constant term can be determined from
stellar pulsation calculations. For example:
log(P)=0.841og(L)-0.681og(M)-3.481og(T.,,)
+ const.JromvanAlbada&Bak^^
log(P)
= 0.931og(L) - 0.771og(M) - 3.54 log(T.,,) + const., from Simon & Young (1997).
log(P)
= 0.821og(L) - 0.601og(M) - 3.551og(r.,,) + const., from Beaulieu et al. (2001).
In addition, the luminosity and ma.s should also obey an M-L relation from stellar evolution
calculations. This M-L relation predicts that lower metallicity Cepheids will have higher
luminosity (see, e.g., Bono et al. 2000c) for given ma.s. Hence, at fixed period, lower metallicity
Cepheids should be hotter than higher metallicity Cepheids. For example, La.ey & Stobie
(1986) showed that the long period SMC Cepheids are hotter than LMC Cepheids at given
period by ~ 200/C.
Since the Magellanic Clouds (MC) have lower metallicity than the Galaxy, Cepheids in the MC
should be bluer than Galactic Cepheids. Tammann et al. (2003) have reported this finding
in their paper. In this study, we also found that the short period MC Cepheids generally
have bluer {V - /)„ color than Galactic Cepheids, for a given period, at maximum, mean and
minimum light. However, larger errors in the PC relations for long period Cepheids make such
a statement more contentious for long period Cepheids. We intend to investigate this in detail
in a future paper.
2. Estimation of color excess: Fernie (1994) used the theory of Simon et al. (1993) and the
original suggestion of Code (1947) to establish a relation between {B - V) color at maximum
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CHAPTER 7
DISTANCE SCALE APPLICATION
There is stron, evidence that the period-luminosity (PL) relation ior the Large Magellanic Cloud(LMC) Cepheids shows a break at a period around 10 days. Since the LMC PL relation is extensively
...sod m distance scale studies, the non-linearity of the LMC PL relation n.ay aflect the results ba.ed
on
..his LMC calibrated relation. In this chapter we show that this problem can be remedied by
usmg the Wesenheit func:tion in obtaining Cepheid distances. This is because the Wesenheit function
IS linear although recent data suggests that the i>L and the period-color (PC) relations that make
..P ..1.0 Wesenheit function are not. We test the linearity of the Wesenheit function and lind strong
evidence that the LMC; Wesenheit function is indeed linear. This is because the non-linearity of
..he PL and PC relations cancel out wh,-n tlu. Wesenheit function is construc:te,l. We di.s<:uss this
rcHull in the- context of distance scale applications. We also compare the .listance
.noduii obtained
Iro.n //„ = - Ii(f,^ _
^,/) (equivalent to Wesenheit functions) constructed with the linear and
..h.- i)rok(-n LMC PL relations, ar.d lind that the typical difference in distance moduli is ~ 0.03mag.
IIorK:e, the broken LMC PL relation does not seriously affect current distance scale applications.
7.1 Non-Linearity of the PL Relation and the Distance Scale Application
Cepheid period-luminosity (i'L) relation plays a major role in distance scale studies, which can
ultimately be used to detenriine the Hubble constant. The calibrating PL relation currently used is
mainly ba.se<l o,. the Large Magellanic Cloud (LMC) Cepheids (see, e.g., FVeedman et al., 2001; Saha
ct al., 2001 b; Kanbur (.t al., 2003). The Cepheid PL relation ha.s long been considered to be a linear
function of log(/'), wliere P is tlie pulsation period in days. However, the LMC PL relation is shown
to be non-linear (Tammann & Reindl, 2002; Kanbur & Ngeow, 2004; Sandage et al., 2004; Ngeow et
al., 2005) and consist of two PL relations, oik; for the long (P > lOdays) and another for the short
period (^eplieids (sv.e Chapter 5 for more details). This is illustrated in the lower |)anels of Figure
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7.1 for the extinction corrected V-ba„d LMC PL relation. In Table, 7 1 & 7 2 „ u
and the
.ro-po.„t, (ZP, for the ,on. „o„P, > and
.ort peri d p i a pTr^ l
—
..rco.p,ete„e..e..J^^^^^^^^^^^^
..atton bta,„ed .in, cepheids
,„
.be.e tabies. THe
.ope, and ZP3 fronr di.ere„t c
—
t
.
a.ee witH e.b otber. Kote tbat tbe. LMC PL relation, ba.e been correct I
.edde„.n, Tbe detailed
.„ve,ti,atio„ of tbe pH.sic bebind tbe bro.en LMC PL and PC rela io
j
of great interest for tbe studie, of stellar pulsation and evolution.
I09(P)
I09(P)
drawn as dashed, sohd and dotted lines, respectively. We extend the short per^d PL reEn
left tnd
"""'^ *° "'^h the long period PL relations. The datl n hea right panels are taken from Kanbur & Ngeow (2004) and Kanbur et al. (2005), respecUvely
The existence of two LMC PL relations suggests that in future distance scale studies, the appro-
priate LMC PL relation may need to be applied to the long and short period Cepheids, respectively
(see, e.g., Kanbur et al., 2003). However, all of the previous applications of the LMC PL relation
were ba«ed on the linear version (in a sense, it is an approximation of two PL relations). Hence an
•The I-band PL relations from Kanbur & Ngeow (2004) are fitted with slightly different definition of the I-band
mSniruderThe r uT 'fu 'I' '""^ conventionafand reddening corrected I-lnd Zlnagn tudes. esults from the F-test remain unchanged.
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V
V
V
I
I
I
B
B
B
Short
Long
All
Short
Long
All
Short
Long
TR02
-2.86 ±0.05
-2.48 ±0.17
-2.962 ±0.021''
-3.03 ± 0.03
-2.82 ±0.13
-2.42 ±0.08
-1.89 ±0.62^
Long and short periods are referred to P > lo and
2.702 ± 0.028
2.963 ± 0.056
•2.567 ±0.102
-2.949 ±0.020
3.099 ± 0.038
2.822 ± 0.084
2.340 ±0.037
2.683 ± 0.077
2.151 ±0.134
-2.746 ±0.043
-2.948 ± 0.065
-2.350 ±0.252
-2.965 ± 0.028
-3.096 ± 0.043
-2.737 ±0.179
-2.736 ±0.036
-2.937 ± 0.060
-2.598 ±0.161
-2.965 ± 0.024
-3.090 ± 0.041
-2.918 ±0.112
' The references are: TR02 = Tammann et d^^^^^TsTmJTT^^i \
~
= Kanbur & Ngeow (2004); KNB05 = Kanbur et al (20™ ^ ^ ^'^ ^^^^
•The number o, long period Cepheid. in ^band is .
,3, hence the e„or i. larger than
.he
SJa^:'™^ " --P°^"- »' ">e LMC PL reia.ion. by a.s„™,„g,„„
Band Period-Range TR02
V
V
V
I
I
I
B
B
B
All
Short
Long
All
Short
Long
All
Short
Long
-1.458 ±0.02P
-1.40 ±0.03
-1.75 ±0.20
-1.942 ±0.014^
-1.90 ±0.02
-2.09 ±0.15
-1.18 ±0.05
-1.65 ±0.741^
STR04
-1.451 ±0.022
-1.295 ±0.036
-1.594 ±0.135
-1.896 ±0.015
-1.806 ±0.024
-2.044 ±0.111
-1.160 ±0.029
-0.955 ± 0.049
-1.364 ±0.177
KN04
-1
-1
-1
-1
-1
-2
401 ± 0.030
284 ±0.041
795 ± 0.298
889 ±0.019
813 ±0.027
109 ±0.212
KNB05
-1
-1
-1
-1
-1
-1
412 ±0.025
.295 ± 0.038
523 ±0.198
890 ±0.017
817 ±0.026
909 ±0.138
^ The number of long period Cepheids in B-band is
others.
13, hence the error is larger than the
immediate question that arises is: how does the existence of two LMC PL relations affect previous
studies? (A similar question wa. also a.ked by Feast 2003, see Chapter 1.2.1) In this chapter we show
that if the Cepheid distance to a galaxy is derived using the Wesenheit function (or the equivalent
in equation [7.4]), for example in the Ho Key Project (FVeedman et al., 2001, and references therein)
or in the Araucaria Project (Gieren et al., 2004; Pietrzyriski et al., 2004), then the results might
not be affected (see Section 7.3 for details). This is because the Wesenheit function is linear, even
though the PL and PC relations that make up the Wesenheit function are not, as shown in Section
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on the app,icati„„ of the Wesenhe.t f„„cU„„
.„ .he d.tance scale Th. wi„ ,e H
the optical bands because
.he V- and I-band LMC PL , .
"""""
hterature (a» ,n e , H
'"^"'""^
'heiiierai ^ m, .g., Preedman et al., 2001).
7.2 The Wesenheit Function
The Wesenheit function (e.g., see Preedman 1088- a
..
et al., 1991; Groenewegen & Oud-
maijer, 2000; Madore, 1976 1982- MaHorP je. P. ^ ,
8 6i u
108,. T • 100. ,/ '
''''' ""^^^^
^ 1986; Opolski,
1983, anv.r, 1997; Udalsk. et al., 1999a) . defined a. W = magnitude -
. . eolor, where . .s th:
rat.o of total-to-select.ve absorption that ha. to be adopted. Note that the definition of W depends
on the adopted
.
which ma. be different m different (interstellar) environments. A few variations
of W used in the Hterature with different combinations of magnitudes and colors are-
= V~R{B-V), R = Av/E{B~V),
= y~RiV~I), R = Ay/EiV-I),
(7 2)
Wr = I-R{V-I), R = R,,
^^^^
where B, F & / denote the (intensity) mean magnitudes. Similar definitions of W in near infrared
bands can be found, for example, in Persson et al. (2004). The other definition of a. given
by van den Bergh (1975), is different than the one given in equation (7.1). The van den Bergh
version of W replaces R by the slope of the constant-period line in the color-magnitude diagram
(CMD). Madore & FVeedman (1991, also in Moffett & Barnes 1986) have pointed out some problems
with the van den Bergh version and the advantage of using R in the definition of W. The biggest
advantage of using W is that it is reddening-free (see, for example, Madore & FVeedman 1991), i.e.
W
= V~RiB-V) = Vo-RiB~ K)o . Wo, where K and (B - V)o denote the intrinsic visual
magnitude and color, a. the effect of interstellar extinction on the observed magnitude and color
cancel out for a star (not only for Cepheids). Another advantage of using W is that the scatter
in the W^-log(P) plot is reduced (Madore, 1982; Madore & Preedman, 1991; Bohm-Vitense, 1997;
Tanvir, 1997, 1999; Udalski et al., 1999a), as compared to the scatter in the V- or I-band PL relations
(see Pigure 7.1). The remaining scatter is due to the combination of photometric errors and the
finite width of the instability strip (for example, see Brodie k Madore, 1980; Madore & FVeedman,
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the co.6,„at,o„ o, absolute
.ag„.„,e and c„,„, ea„ be fo™„,a.ed. a, ^„ = !
then the distance
.odnlu. can be obtained,
,.e - w W „
"
'
the following equation-
H^M- It
.
.tra,ght forward to show that
fo = fr-fl(Mr-^,)
(7.4)
» e.„i.a,ent to
.
where equation
,7,4, is frequent, apphed in determining the e.tr.galacticCeph^d
.stances (see, for example. Mien . Shan.,
et al.,
.00,. Kanbu:et
2003; Sa^a et al„ .OOf b; Tanvir et al., Therefore, using equation
,7.4) to obt.n the distance
.
equ,vale„t to obtaining the d,stance b, htting the ^-log(P) plane with the P.„-log,P) relation.
7.2.1 Testing the Linearity of the Wesenheit Function
Both the WesenheU funct.on and equation (7.4) can be written as a combination of V- and 1-ba.d
PL relations, and they are adopted fron. the LMC PL relations to derive distances. However
.s
we mentioned in Section 7.1, the LMC PL relations are not linear, hence the applicability of the
Wesenheit function and equation (7.4) is immediately in question. In this sub-section we would Hke
to test the linearity of the Wesenheit function as follows.
The PL relation in bandpass A can be written as: M, = 6^ + af log(P). The superscript X
denotes the adopted period range, which is either for short (5, log[P] < 1.0), long (L, ,og[P] > l o)
or all iA, short+long) periods. Then the V-iV-I) Wesenheit function becomes (similar expressions
can be derived for other magnitude-color combinations):
= (1 - R)b^ + Rhf + [(1 - R)a>^ + Raf] log(P), (7.5)
The linearity of W demands that:
{\-R)a^y + Raj = (1 - i?)af, + i?af (for slope),
(1-P)6^ + P6f = (l-/?)6^ + P6f (for ZP).
(7.6)
(7.7)
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By using the slopes in Table 7.1, we can calculate the values of the left-hand side and right-hand
side in equation (7.6), a. well a. the slope for by using the unbroken PL relation with equation
(7.5). The results are summarized in Table 7.3 with different magnitude-color combinations. The
adopted values for R in these combinations are: R = AyjE^B - V) = 3.24 (Udalski et al., 1999b);
R = Ay/EiV~I) = 2.45 (FVeedman et al., 2001; Tanvir & Boyle, 1999); andR = Rj = 1.55 (Udalski
et al., 1999a). The errors in Table 7.3 are estimated with the standard formula for propagation of
errors, i.e. a'
= (l - Rfal^ + R^d,. The same is done for the ZP in Table 7.4.
It can be seen immediately from Table 7.3 & 7.4 that the short period Wesenheit function
is consistent with the long period Wesenheit function, demanded by equation (7.6) & (7.7).
Therefore, the Wesenheit function can be regarded ^ a linear function of log(P). Furthermore, the
short and long period Wesenheit functions are also consistent with the Wesenheit function obtained
from using all Cepheids in the LMC or the linear, unbroken PL relation. Note that the value of
~ -3.3 for the slope of the Wesenheit function {aw) with I-{V-I) combination also agrees with the
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1 lie residuals of the W from thn «ff„^ • r- f i igure m.noiii e fitted regressions in Figure 7 1 are 1
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»upp„rO» U,e hncwity of tl„. W,.»,„„,,.
,,„„Uon.
T.b. 7.:,
,„„ ^
^^^^^^ ^^^^
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uatoet Short
^,5
I
KNB05 :''!ii:::t! -js;????! -*sw±«mw
STROI ~tw!n ^ ±' ' -3.255 ±0.068-
KN04 Zt^.iV.^. -3.307iO.lKi.
-3 3 2 ±0 33 -3.382 ±0.360
-3j97 + 0.079
-=- ^-(K - /) Combination
. R = 1.55
KNO - inl''
-3.217 ±0.266
-3.332 ± 0.067
KNRO^ if'i^-^'^ -3.337 ±0.601 -3.304 ± 0.098
—
- Combinat ion, R = 3 24
TR02
-4.286 ± 0.335 -4 392 ± 2 134 "
STR04
-3.870±0.344
-3.915±0.613
-3.875 "± 0. 169
Table 7.4 Same as Table 7.3, but for the ^erp-ppints.
Uata^set vshort Long Xll
V-jV - /) Combination. R = 2.45.
^I,o?
-2-547 ±0.079
-2.696 ±0.335
-2.541 ±0.049KN 4 -2.580 ±0.089
-2.564 ±0.676
-2.597 ±0.064KNB05
-2.574 ±0.084
-2.469 ± 0.444
-2.583 ±0.055
^-jy - /) Combination, R = 1.55.
TR02
-2.675 ± 0.069 -2.617 ±0.492
-2.692 ± 0 048STR04
-2.598 ± 0.083 -2.741 ±0.352
-2.586 ±0 051
KN04
-2.633 ±0.094
-2.596 ±0.711
-2.645 ±0 067
KNB05
-2.626 ±0.089
-2.507 ±0.467
-2.631 ±0.058
V-jB - V) (Jombinatioii, R = 3.30.
TR02
-2.113 ±0.206
-2.074 ± 2.543
STR04
-2.397 ±0.220
-2.339 ±0.810 2.394 ±0.132
A better and more sophisticated test of the linearity is using the F-test (Weisberg, 1980; Kanbur
k Ngeow, 2004, see also Chapter 5 & 6). The null hypothesis in our F-tost is that a single linear
regression is sufficient, while the alternate hypothesis is that two linear regressions are needed to
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describe the data. These regressions can be obtained with the standard
, ,
method. The setup and the fornralisn, for the F test
-w...data..„ts,notethat.isa::t:„r;:r^^^^^
the
„„„ hypothesis, for the si^iacanee . the
..a,„e rJZ "
can be rejected if F is large (e g F > 4i , ^
'
'
°"" "^"""'^^arg .g., 4) or p(F) ,s small. For example n(Fl < nn^ . ,
the nnll hypothesis can be rejected at 2. level. By using the 034 O I I
Ngeow (2004), „e found: "
X""^-
^' = 1.473, p{F) = 0.230 for H/ = V - 2.45(V - /)
F = 0.835, p(F) = 0.432 for IV = ; _ i,55(y _
Similarly, for the 636 Cepheids in Kanbur et al. (2005) the results from the F-test are:
F = 1.840, p{F) = 0.160 forW = V~ 2.45(1/ - /)
F = 1.753, p{F) = 0.174 for W = I - i.55(v - /).
Plots of the
= . _ 2.45(. - /, a» function of period for these two data^ets are shown in the
upper panel Of p,g„,, ,,
^^^„ ^
^^^^^^ ^^^^^^
at the null hypothesis cannot be rejected. Hence the results from the F-test strongly suggest that
.
e Wesenheit function is Imear. The results the extinction corrections g,ven in Udalski et
al.
.999b, or the removal of the obvious outliers m upper p^els of Figure 7.1 ar.d in Figure 7.2 are
essentially the same.
By combining the results obtained from this sub-section, we found that, statistically, the Wesen-
heit function for the LMC Cepheids
.s indeed Hnear. although the LMC PL and PC relations are
not. Figure 7.1 shows a comparison between the linear Wesenheit function and the broken K-band
PL relation obtained from using two data^ets. Therefore, for the LMC Cepheids, we conclude that:
Corollary A: The Wesenheit function is statistically linear, and the Wesenheit functions for short
(P < lOdays), long and all (short+long) period Cepheids are approximately the same, i.e..
The fundamental reason that the Wesenheit function is linear is because the PC relation, e.g. (V^ -
I)=a + 61og(P), is also broken for the LMC Cepheids, in addition to the broken PL relations.
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formulated.
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.n the next su,.ect,„„, the te.,t the co.„„, A ,e<,„at,o„ ,r.8)) areappUed to thed.ta„ce
7.3 Wesenheit F\.nction and the Distance Scale Application
Fo. a„ e„...e ofCephe,d»
,„ a target ,a,.„ the d.tance
.od„,. to th. ta.et . =
V-'v 2^^lo - Mv - Rifiv - VI), where ul = _ Ft(,,i „r^
,Mo ^lv R[^v - n,) with = m' - alog(Pi) - 6 Thisproce
.
de.c*ed in detai. in Chapter 3... „ the PL relation . hnear, then the.„„e.
„nhroke„PL re at n
„
hoth V- and i-hand, can he adopted to fit to a„ Cepheids to ohta,n the d.tanoe
.odu,n. However, ii the PL relation is non-hnear. a. in the ease o, LMC Cepheid. then
the Io„, period PL relation »ho„,d he applied to the long period Cepheids to obtain the distance
modulus and si.ilarl, for the short period Cepheids (4l For example, attempts to use the
broken LMC PL relations to cahbrate the extra-«a,«ic Cepheid distances can be found in Kanhur
et al. (2003); Leonard et al. (2003); Thim et al. (2003, 2004).
As mentioned before, from equation (7.4) is equivalent to = W - Wu, '.e -
Since the Wesenheit function (both W and Wu) for LMC Cepheids is linear, then the unbroken
linear version of the PL relations is expected to be applicable to obtain the
,o to a target galaxy'
Ba^ed on the corollary A (equation [7.8]) from the previous subsection, we also expect that the
MO obtained from using either the broken LMC PL relation (for long and short period Cepheids
respectively) or the linear LMC PL relation (for all Cepheids) should agree well with each other.
In other words, the difference in the distance modulus (A^o) when using either the linear or the
broken PL relation should be small. This statement will be verified in the following discussion by
quantitatively estimating the value A^o should have and by examples. Even though A^o is expected
to be small, it has a systemaUc effect on the distance scale because of the different PL relations used.
Since the Cepheids discovered in most of the distant target galaxies from the HST (and some
from the ground-based telescopes) are mainly the long period Cepheids, the difference in distance
modulus (A^o = ^i^~ /i^) when using either the linear or the broken long period LMC PL relation
can be quantitatively estimated if the mean log-period (b^) of the long period Cepheids in the
target galaxy is known. For the distance modulus obtained with equation (7.4), this difference is
expressed as (Kanbur et al., 2003):
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A/io
= [iR~l)Aav~RAai]hi(p)l
+iR~l)Abv~RAbj,
(7.9)
where Aa,,,,^, and AV.,., are the differences in slopes and ZPs for the linear and the brokenlong period PL relations/Wesenhe. function. The coefficients in equation (7.9), A., and A.,
can he calculated us.g the slopesand ZPs for the .-(. - ;) Wesenheit funct.on a. given in Tab.
7.3 ^ 7.4, respective!. If log(P),
. ,4, then the value of A.o estimated from equation (7 9)
.
arou_nd_±0.03mag., corresponding to . 1.5% change m distance (in Mpc). Furthermore for
1-0 < log(P). < 2.0, equation (7.9) suggests that the maximum A,o when using the linear o^ the
broken long period PL relation from Table 7.1 & 7.2 is ^ 0.07mag, a.
.l.ustrated in Figure 7 3A similar estimation can be done for the short period Cepheids (with 0.0 < < ^ o) with
maximum A,o of
. 0.02mag. when using the linear or the broken short period PL relation For
example, Kanbur et al. (2003) calculated the distance moduli to 25 i/.T observed galaxies with
the linear and the broken long period LMC PL relations (a. ~ 98% of the Cepheids detected in
these galaxies have period longer that 10 days). By comparing the distance moduli derived from the
linear PL relation and the broken long period PL relation, the unweighted average of A^o in these
25 galaxies is -0.021 ± 0.002mag., in the sense that the linear PL relation systematically produces
slightly smaller distance moduli than the broken long period PL relation. Since the mean log-period
for most of these galaxies is ~ 1.4 (Kanbur et al, 2003), then the difference of
-0.02mag. is expected
and agrees well with the above discussion.
There are some observed target galaxies that also contain certain number of short period Cepheids.
In the near future, more short period Cepheids are expected to be discovered in the distant target
galaxies due to the advancement of instrumentation (e.g., HST/ACS) or telescopes. To investigate
the distance modulus obtained from using the broken PL relations to both long and short period
Cepheids, we use the Cepheids in IC 4182 a. an example, because this galaxy contains roughly equal
number of short and long period Cepheids. We used the data from Gibson et al. (2000), which
includes 13 and 15 short and long period Cepheids, respectively. We first use the linear, unbroken
PL relation to fit the data for all 28 Cepheids to obtain fx^. Then we applied the broken PL rela.
tion to the 13 short and 15 long period Cepheids separately, and obtain /.^ and fi^ from these two
sub-samples. Finally, we apply the broken long/short period PL relation to the long/short period
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relation. ^ ^ ^
relations, respectively, as compared to the linear PL
Cepheids to obtain
,1 and then use equation (3.2) to calculate the mean distance modulus (^).
The PL relations used, include the linear and the broken PL relations, are taken from Table 7.1 &
7.2, and the results are presented in Table 7.5. R-om this table, shows a good agreement to ^,
with a difference of ^ 0.013mag. or smaller^ This result suggests that both of the linear and the
broken LMC PL relations can be applied to obtain the Cepheid distances. Furthermore, Table 7.5
also shows that when iV.,.., ^ Ar,„„^, the short period distance modulus agrees with the long period
distance modulus (i.e., ~
^o^), where the broken short and long period PL relations are applied
to the 13 short and 15 long period Cepheids, respectively. However, this is generally not true when
Nshort « Niong for most of the HST observed galaxies, as shown in Table 7.6 with the 4 shortest
period Cepheids are arbitrary removed.
In short, when using the LMC PL relations to derive the Cepheid distances, we conclude that:
Corollary B: The distance moduli are approximately the same when using either the linear PL
relation (to all Cepheids) or the means with broken PL relation (to long and short period
Cepheids respectively), i.e.,
^Note that the rnedian values of ~ 28.25mag. for
^ff and in Table 2.3 agree well to the distance modulusObtained trom the TRGB (tip of red giant branch) method as given in Sakai et al. (2004, imtrgd = 28.25 ±0.06mag.).
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Both of the approaches will give similar and consistent distance ntoduli. Recall that thePL relation is tha approximation of the broken PL rel»,^ . .
PL relation is rough, .0 03n,ag Theref
""^^
LMC PL rel , " '° '^e linear
c:e::::r^"~"""^-'^-"^
Table 7.5 -The distance modulus (hq) to IC 4182''
KN04 28 244tons7 ^s^Sio"'"^ 28.222 ± 0.053 28.217 ±0.053
The'lre^HpU ^'TandXrtl^Ltta r '° ^'^^^ ""^"-^
errors are the'random errors l7at'i^"tr;^:Sp 6r
^^•^^0 ^ U-1U4 28.290 ±0.067 28.228 ±U.U57 28 241 +On^S^
28.098 ±0.105 28.232 ±0.065 28.188 ±0.058 28 18 ^ 0 05728.143 ±0.105 28.250 ±0.067 28.214 ± 0.0 28 ^ 0
-^^•^^^^"•105 28,272±a069_^8,^ 28.2 2^S 059
7.4 Conclusion and Discussion for this Chapter
Due to the recent discovery of the non-linearity for the LMC PL and PC relations, the appli-
cability of the LMC PL relation in distance scale studies is immediately in question. However, we
showed that this problem can be remedied with the application of the Wesenheit function in dis-
tance scale applications. This is because the Wesenheit function for the LMC Cepheids is linear
(corollary A), shown in Section 7.2.1, although the LMC PL and PC relations are not. There-
fore, the Cepheid distances obtained with the Wesenheit function or the equivalent /xq would not be
affected with the recent finding of the broken PL and PC relations. We also found that the typical
difference in distance modulus from using the linear or the broken PL relations is about 0.03mag.
Hence, researchers can choose to apply either the linear or the broken LMC PL relations to obtain
the Cepheid distances, without worrying that these two approaches will give inconsistent results, as
both approaches are equally applicable in deriving the Cepheid distance (corollary B). Therefore,
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mentioned
,„ Chapter 1.2.1, is essentially answered.
In addition to the non-linearity of the LMC PL relation, there are so.e recent studies also
sn^estin, that the Cephe.d PL relation ,s not nn.ersal, i.e., the Galactic PL relation is steeperth» the LMC counterparts (Tam.ann et a,.. 2003; Fon.u, et a, 2003; K.bnr et al., 2003; Ngeow
>. Kanbnr, 200, Stornt et al., 2004). It is possible that the Wesenheit Inaction „ay or .ay not
epend on metallicity: Sonte preliminary studies for both viewpoints can be found in the literature
e.g.. Moffett
^ Barnes, 1986; Caputo at al., 2000a; Baraffe ^ Alibert, 2001; Pietr.y,isKi et a,
2004; Storm et al., 2004). However the detailed study of the metallicty dependency of the Wesenheit
function is beyond the scope of this chapter. This chapter only studies the linearity of the Wesenheit
Function for the LMC Cepheids.
117
CHAPTER 8
In Ih. chapter, we conslrucl full amplitude
„„„.li„ear hydrodynamical mod* o< r„„d.,„o„
tal ,„„de Galactic Cepheids and analy^ the resulting theoretical pet-od-colot a„d amplitude-color
relat,„„» at „,ax,„,um, „,ca„ and ,ninin„,„, light. The»e theoretical relations
.natch the general
forn, of the observed relations well. This agree„,ent is, to sonre extent, independent of the n,..s-
lum,n»it, relations used, pulsation codes, numerical techniques, details of the input pl„si,, and
methods to convert theoretical quantities, such a, bolometric luminosity and temperature, to obser-
vational quantities, such a» V-band magnitudes or (V ^ /) colors. We show that the period-eobr
and amplitude-color properties of fundamental mode Galactic Cepheids with periods
.such that
log(P) > 0.8 can be explained b, a simple application of the Stefan-Boltzmann law and the inter-
action of the photosphere with the hydrogen ionization front. We discus,, the implications of our
results for explaining the behavior of Galactic Cepheid period-color, and period-luminosity relations
at mean light.
8.1 Cepheid PC & AC Relations, the HIF-Photosphere Interaction and
the PL Relations
Simon et al. (1993, hereafter SKM in this chapter) used hydro-dynamical n.odels to explain
the observations of Code (1947): Gaia.:tic Cepheids show a spectral type independent of period at
maximum light and a spectral type at minimum light that gets later as the period increases. SKM
used data from Pel (1976) and Moffett & Barnes (1980, 1984) to show that Galactic Cepheids are
such that higher amplitude stars are driven to cooler temperatures, and thus redder (B-V) colors,
at minimum light. This, according to equation (6.1) from Chapter 6 and the observational findings
of Code (1947), is because of the range of temperatures at maximum light is independent of period
for a large range of periods. This implies that the period-color (PC) relation at maximum light is
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, H.eaa. KN . .ischapter) for the (B - K) and (V - /) color, respectively.
The rea^on why Galactic Cepheids follow a spectral type that is independent of period at
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.u. .ht wa. e.plained in SKM: it is dne to the interaction of the photosphere with the hydro^
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hght for the Galactic Cephe.ds, a. the HIP is so far out in the .a.s distribution that the photo-
pcnt. the mean free path goes to zero. In the absence of any significant driving, even though the
surrounding atn^osphere ha. a non-zero inward velocity, this opacity wall prevents the photosphere
from gomg deeper in the star and era.es any 'Wmory" of global stellar conditions. Thus for a large
range of periods, the photosphere occurs at the ba.e of the HIF at maximum light at a temperature
which is independent of period. Therefore, at maximum light, this leads to a flat relation between
period & temperature, period & color and period & spectral type, a. seen in SKM and KN At other
Pha.es, the HIF lies too far inside the ma.s distribution to interact with the photosphere. Since the
HIF does not interact with the photosphere, the color (or the temperature) of the star follows the
underlying PC relation. SKM further computed a sequence of radiative hydro-dynamical models for
Galactic Cepheids to account for this explanation, and the results agreed with Code's observations.
The Hatness of the PC relation at maximum light, together with equation (6.1), implies a relation
between amplitude and color (or temperature) at minimum light, i.e. the amplitude-color (AC)
relation. Hence. KN performed a more detailed analysis of the PC and AC diagrams at maximum,
mean and minimum light, not only to the Gala<:tic Cepheids, but also to the Cepheids in Magellanic
Clouds. Further, KN separated the data in to long (P > 10 days) and short period Cepheids in their
analysis due to the recent finding of the break as seen in LMC period-luminosity (PL) relation at 10
days (Tammann et al., 2002; Tammann & Reindl, 2002; Kanbur & Ngeow, 2004). They found that
the Galactic PC relation at maximum light displayed a statistically significant break at 10 days, but
wa. consistent with a single line at mean and minimum light. In the LMC, the PC relation displayed
this break at all three pha.es, though the statistical significance at maximum light wa. marginal.
The SMC PC relation displayed similar properties to that in the Galaxy. In terms of flatness, both
of the long period Galactic and LMC PC relations are flat at maximum light. Analysis of the
Galactic Cepheid data in terms of AC diagrams confirmed the work of SKM, and extended it to the
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between V-band amplitude and /,
,
(V
- /) color at minimum light, hut long period Cepheids are suchthat higher amplitude stars are driven to redder
- , colors and hence cooler temperatures atnrmimum hght. At maximum light, short period Cepheids are such that higher amplitude stars a.^driven to bluer ,.-„colors and hence hotter temperatures but long period Cepheids do not show
such a relation.
An understanding of the PC and AC relations derived by KN are important, not only for
.ellar
pulsation and evolution studies of Cepheids, but also because the Cepheid period-lu.inosity (PL)
relafon depends on the PC relation (see, e.,, Madore . PVeed.an, 199,. The PL relation will
reflect significant changes
.n the PC relation. Hence in studying PC and AC relations ,n differentgaWs, we are studying the universality of the Cepheid PL relation. Recent work by Ta^n^ann
et al. (2003), Fouque et al. (2003), Kanbur & Ngeow (2004), Ngeow & Kanbur (2004), Sandage et
al. (2004) and Storn. et al. (2004) have suggested that the PL relation in the Galaxy is significantly
different fro. that in the LMC and, further, that the PL relation in the LMC is non-linear In
contract, current observations indicate that the Galactic PL relation is hnear (Tamn^ann et al.,
2003; Kanbur & Ngeow, 2004; Ngeow & Kanbur, 2004).
The purpose of this chapter (and the next chapter) is to confront these new observed character-
istics of Cepheids with the latest stellar pulsation models and interpret the results in terms of the
theory presented in SKM, which has been summarized above. This approach will ultimately yield
a qualitatively deeper understanding some of the reasons behind the variation of the Cepheid PL
relation from galaxy to galaxy. Our ultimate goal is to use our theoretical models to estimate the
effect of this variation quantitatively. For this chapter we concentrate on Galactic Cepheid models
which we compare with the same Galactic Cepheid data used in KN.
8.2 Methods, Models and Code Description
Our models and methods improve upon those in SKM in the following respects: First of all, they
contain a formulation to model 1-D time dependent turbulent convection (Yecko et al., 1998; Kollath
et al., 2002), in contrast to the purely radiative models used in SKM. In addition, we construct more
models so that we can examine in greater detail the PC and AC characteristics of Cepheids. Secondly,
we investigate the pulsation properties as a function of other phase points. When investigating PC
and AC relations at mean light, KN defined mean {V - I) color as V^ean - Iphmean where K„ean
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How
Pha.es when the V-hand ma.itude is closest to the value of once on the a^cendin, Branch and
once on the descending branch of the H,ht curve. The color (or the temperature), m hoth models
data, the descendmg branch mean wa. adopted a. the "mean". We pay specific attention to th.s
detaU in our results and discussion section. Finally, we look at (K - /) colors whereas SKM studied
predommantly
-
K) colors. The
- /) color is a good indicator of temperature (Gonzale. .
Wallerstein, 1996; Tammann et al., 2003) and is a crucial color for the existing calibration of the
extra-galactic distance scale (e.g., FVeedman et al. 2001).
The numerical techniques and physics included in these models are detailed in Yecko et al (1998)
and Kollath et al. (2002). The Florida pulsation code has been used successfully to model double
mode Cepheid pulsations (Kollath et al., 1998), Galactic first overtone Cepheids (Feuchtinger et al.,
2000), Cepheid ma.s-luminosity (ML) relations (Beaulieu et al., 2001) and the study of Magellanic
Clouds Cepheids (Buchler et al., 2004). The code takes the ma.s, luminosity, effective temperature,
hydrogen and metallicity abundance (by ma.s), M,L,T.,X.Z, as input parameters. In this study,
we used (X,Z) = (0.70,0.02) a. a representation of Galactic hydrogen and metallicity abundance
(hence we also used the corresponding opacity table). For the remaining parameters, mass and
luminosity are connected by an adopted ML relation, hence it is only necessary to choose the mass
and the effective temperature for computing a Cepheid model. In this study, we used two ML
relations, which are calculated from evolutionary models appropriate for intermediate-mass stars:
1. The ML relation given by Chiosi (1989), which was also used by Simon k Kanbur (1995) in
their theoretical study of long period Cepheids:
logL = 3.61 logM + 0.924. (g.i)
2. The ML relations given by Bono et al. (2000a):
logL = 0.90 + 3.35 logM + 1.36 logy -0.34 log Z, (8.2)
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Similarly for the'grLth rate, " Both of he matlTw '"f ~ P^™^^' ^P-^-'y-
is in K and the period is in days.
lummos.ty are m Solar unit, the temperature
ML Relation trom Bono et al. (2000a)
1.1 4.228 4900 37.8090 0.039 24.40
-0.157
0.8 4. 88 4950 34.4156 0.037 22.25
-0.133
10.5 4.147 5000 30.8189 0.035 20.26 -0 119
9.55 4.009 5075 23.4835 0.025 15.69
-0.094
9.45 3.994 5265 20.0414 0.028 13.55
-0.051
8.60 3.856 5300 15.8313 0.022 10.78 -0 040
I'ln lf.t
^^^^ ^^'^^^ 0-015 8-291 -0.036
7.30 3.618 5440 10.0124 0.014 6.886 -0 017
7.30 3.618 5490 9.69213 0.014 6.670 -0 007
7.00 3.557 5490 8.83394 0.013 6.087
6.80 3.515 5485 8.31328 0.011 5.733
6.45 3.438 5545 7.12090 0.011 4.921
6.10 3.357 5580 6.16131 0.009 4 267
6.00 3.333 5590 5.59661 0.006 3 884
-0.010
-0.014
-0.007
-0.006
-0.007
10.0 4.534 5150 66.9094 0.144 38.47
-0.413
8.50 4.279 5100 44.8456 0.129 27.38
-0.238
8.00 4.184 5090 38.5673 0.116 23.98
-0.196
7.40 4.061 5050 32.4902 0.096 20.55
-0.171
7.20 4.019 5250 26.1109 0.081 16.99
-0.115
7.00 3.975 5400 21.8715 0.060 14.45
-0.077
6.30 3.810 5390 16.9148 0.055 11.37
-0.048
5.50 3.597 5350 12.4229 0.038 8.445
-0.051
5.10 3.478 5396 10.0049 0.030 6.851 -0.041
5.00 3.447 5420 9.37928 0.028 6.436
-0.036
4.90 3.416 5440 8.80955 0.026 6.056 -0.033
4.80 3.383 5470 8.21323 0.025 5.657 -0.027
4.50 3.282 5460 7.06755 0.017 4.878
-0.037
4.40 3.247 5490 6.56235 0.016 4.536 -0.032
4.20 3.174 5560 5.60322 0.015 3.887 -0.022
4.57 3.306 5707 10.5472 0.035 7.234
-0.000
5.44 3.578 5550 6.25949 0.022 4.340 0.020
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= 3.35 logM + 0.726.
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m.eres.ed in is, to a large extent, independent of the ML
.elation chosen
The effective temperature, n. was chosen to ensnte a good fundamental growth
.a.e and a
stable fi.st overtone mode. Atte. a linear non-adiabatic artalysis (Yecko et a,., 1998) which „c,ds
the normal mode spectrum, an in.tia, perturbation, which is scaled to match the fund^ental mode
bnear velocity eigenvector, is applied and the model followed until a stable limit c,cle is reached In
some cases, this means following the pulsafons for about 1000 cycles. This results in a full amplitude
Cepheid oscillating in the fundamental mode. Following SKM, we can compute the temperature a,
an optical depth r = 2/3 and also the temperature and opacity profiles a func.ion of depth at
various phases of the pulsation.
In addition to the two ML relations used, we have also computed two models using the parameters
(M, L, T.) from table 1 of SKM, in order to compare the results based on purely radiative and the
turbulent convective models, and further broaden the range of ML relation considered. The input
parameters for these models and for the two ML relations used are presented in Table 8.1.
We compare theoretical quantities to observable quantities using a number of prescriptions:
1. We convert observed, extinction corrected {V - /) to (5 - V) colors using the formula given in
Tammann et al. (2003), and then convert the {B - V) index to temperatures using the formula
given in SKM.
2. We use the BaSeL atmosphere database^ (Lejeune, 2002; Westera et al., 2002) to construct a
fit giving temperature as a function of {V - 1) color, with and without a log(5) term. Where a
log(p) term is used, we obtain this, at the appropriate phase, from the models. This database
is also used in, for example, Beaulieu et al. (2001) and Cordier et al. (2003) for the study of
Magellanic Cloud Cepheids.
^http : //www . astro
. mat . uc. pt/BaSeL/
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3. These technique, were a,.„ used obtai„ the bo,o.e.Hc co.ec.>o„s
.e,„.ea to co„vett the-
ore.,ca, „.i„osit, c„„es i„to theotet.a, V-band light c.ves. S,„„„ , K„h„ (.995, have
shown that these corrections are small.
The ouahtative th^st
„, „„ .esu.ts does „ot change aceo.di„, to the details of the
.ethod
used to conven colors to temperatures and luminosity to V-band light. ,„ „hat toUows, we report
on results using method (ii) above with a log,., term. One caveat here is that we „se h,drc.tatic
e,u.hbrmm atmospheres. The effective temperature and eir«ive gravity ,or these atmospheres are
obtamed from the relevant quantities at the phot^phere in the models. For the effective gravity we
GM du
where du/dt is again given by the instantaneous structure of the models. Such an approach has been
wdely used in the hterature in recent years for both Cepheids and RR Lyraes (see, for examples
SKM, Simon & Kanbur 1995, Bono et al. 1999a, Sandage et al. 1999, Beaulieu et al. 2001 Caputo
et al. 2002, Kovacs 2003, Ruoppo et al. 2004). Some justification based on deta.led modeling may
be found in Kollath et al. (2000) and Keller & Mutschlecner (1970). We note that at most pha.es
the du/dt term is small but can become large at certain phases during the ascending and descending
branches. For the models considered here, this occurs for three models with log(P) between 1.5 and
1.65 at phases close to maximum light.
8.3 Results for the Galactic Models
The results from the model calculations are summarized in Table 8.1, 8.2 and 8.3. Table 8.1
gives the input parameters, as well as the computed periods and growth rates from the linear non-
adiabatic analysis for the fundamental and first overtone modes for the models constructed in this
chapter. We note that the models used generally had reasonably high fundamental mode growth
rates and negative first overtone growth rates. This puts our models well inside the fundamental
mode instability strip for all periods considered. Table 8.2 gives the temperatures at the maxi-
mum/minimum luminosity at full amplitude for the corresponding models in Table 8.1. Table 8.3
gives similar quantities but for the ascending and descending branch means. In Table 8.3, < L > is
the average luminosity obtained from the light curve in one pulsating cycle. Lmean is the luminosity
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obtained from the closest temporal ^id points (fro. the light curve) to the < i > both
of the ascending and descending branches. T„„„ are the corresponding temperatures at these grid
po,nts. Since < L > and L„„. may not be e,„al to each other, we obtain the temperature that
correspond to < L > by interpolation between L and ih. .A; . i • •cL ^ean t e adjacent luminosity that bracket the
< L >. These temperatures are referred a. T-e. •„
^able 8.3. Note that the temperatures at
mean light on the descending branch is normally cooler than the mean light temperatures on the
ascending branch.
log(P)
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Figure 8.1 -The penod-color (PC) relations for the Galactic Cepheids. The crosses are the observeddata points which are taken from Kanbur & Ngeow (2004). The open and solid squares are the
Galactic models with Bono et al. (2000a) and Chiosi (1989) ML relations, respectively, whilst the
solid circles are results for models computed with the ML relation used in SKM. The temperatures
from the models are converted to the {V - /) color using the BaSeL database with the log(5) term
Left (a): PC relations at maximum and minimum light. Right (b): PC relation at mean light, for
both of the acceding and descending branches.
8.3.1 The PC Relations
In this sub-section we compare the PC relations from the model calculations and the observations.
Figure 8.1 shows a four panel plot of log-period against extinction corrected (V-/) color for Galactic
Cepheids as given in KN. Superimposed on this are values obtained from our models, where the
theoretical temperatures are converted to {V - I) colors using method (ii) described above. The
solid and open squares represent models based on the Chiosi (1989) and Bono et al. (2000a) ML
relations respectively, whereas the solid circles refer to models computed with the ML relation used
in SKM. The left panels are for maximum (top) and minimum (bottom) light respectively, whilst the
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'^rnax T^ax Lmm T
ML Relation from Bonn et al (9nnor,)
37.8090 20547.96 5355.92 13844 78
34.4156 18675.64 5399.02 12811 00
30.8189 17046.03 5446.49 11592 02
23.4835 12259.96 5456.64 8535 450
20.0414 12503.63 5720.76 7897.603
15.8313 8828.696 5664.44 6018.911
12.1076 5616.756 5525.95 4402 925
10.0124 4470.551 5531.94 3703 182
9.69213 4484.612 5585.30 3647 089
8.83394 3872.188 5619.60 3172 488
8.31328 3501.343 5612.30 2906 126
7.12090 2954.314 5673.40 2436.595
6.16131 2434.291 5700.83 2059 419
5 59661 2260.885 5691.47 2023.329
66.9094
44.8456
38.5673
32.4902
26.1109
21.8715
16.9148
12.4229
10.0049
9.37928
8.80955
8.21323
7.06755
6.56235
5.60322
ML Relation from Chios! (1989)
5468.07
5738.10
5762.38
5724.16
5886.81
6056.17
5999.40
5846.81
5785.06
5770.41
5748.80
5729.82
5572.38
5565.48
5697.21
4759.77
4681.60
4719.65
4820.82
4948.82
5025.59
5135.11
5274.68
5303.57
5312.02
5322.39
5396.37
5459.73
5513.33
39933.45
24179.71
19927.26
15175.07
13968.71
13020.35
8608.982
5070.216
3724.848
3427.493
3130.614
2843.303
2080.732
1885.999
1580.301
25451.85
12478.80
9964.144
7818.562
7294.068
7076.027
4782.056
3081.266
2465.684
2320.390
2187.659
2062.474
1722.053
1587.056
1315.624
4807.32
4707.13
4696.57
4720.46
4949.57
5176.93
4961.41
4998.02
5074.73
5115.94
5156.00
5217.61
5295.72
5332.63
5383.56
Input parameters from SKM
10.5472 2276.417 5894.64 1660.255 5430.83
6.25949 5084.652 6068.32 2974.031 5170.89
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37.8090
34.4156
30.8189
23.4835
20.0414
15.8313
12.1076
10.0124
9.69213
8.83394
8.31328
7.12090
6.16131
5.59661
19774,9
17280.2
15390.5
14018.4
10192.1
9841.01
7180.69
4954.75
4147.76
4150.28
3600.06
3270.50
2738.62
2271,74
2149.59
66.9094
44.8456
38.5673
32.4902
26.1109
21.8715
16.9148
12.4229
10.0049
9.37928
8.80955
8.21323
7.06755
5.56235
5.60322
34954.3
19688.7
15650.0
11522.9
10436.0
9979,12
6648.78
3945.54
3007.79
2802.28
2605.42
2417.35
1914.78
1764.77
1490.55
19653.607
17078.646
15555.296
14150.570
10183.759
9929.1677
7186.0066
4958.1150
4153.0371
4159.2783
3608.3159
3261.5882
2734.9282
2265.2783
2149.7132
35127.180
19843.004
15888.680
11331.742
10650.701
10039.792
6722.9877
3988.1625
3028.3688
2810.9339
2606,5476
2413,1797
1919,5566
1759,8178
1495,4280
5076,72
5114,30
5159,32
5205,60
5239.51
5464.55
5454.37
5429.69
5518,32
5580.60
5575.65
5558,95
5623,67
5651.82
5646,80
19774,061
17267,319
15346,989
14024,699
10191,410
9828,9718
7176,7521
4955.1704
4150.1024
4141.0319
3611.7288
3271,9206
2739.4820
2275.3634
2151,3451
4719,16
4759,22
4772,37
4833.74
4931.29
5093.87
5161.14
5254.78
5390,79
5433.01
5439.77
5435.65
5492,58
5533,36
5559,70
ML Relation from Chiosi (1989)
5412,97 34950.980 4992.63
19660.664 4902.60
15652.258 4867,57
11511,286 4796,29
10432.457 4983.82
9909.8995 5244.96
6649.7902 5213.82
3927.3390 5146.88
3004,3297 5237.81
2810.0216 5283.35
2609.8551 5319.08
2422.3123 5369.50
1908.3662 5401.51
1763.3763 5440.10
1495.1755 5507.79
5446.15
5439.08
5312.26
5571.95
5765.91
5704.33
5571.12
5566.36
5570.03
5570.03
5579.92
5532,01
5554.42
5647.41
10,5472
6,25949
2022.70
3777.86
2028.8310
3731.9089
Input parameters from SKM
5085.42
5130.82
5143.81
5191.91
5240.69
5451,69
5453.34
5428.68
5515.96
5576.70
5571.56
5563.73
5625.95
5660.78
5646.70
5404.79
5434,34
5417,09
5335,61
5541,43
5756.71
5688,05
5555,92
5557,55
5566.27
5569.55
5581.37
5527.21
5559.56
5641.55
4719.24
4760.52
4776.56
4833.08
4931.39
5095.78
5162.00
5254.65
5389,95
5436,31
5435,18
5435,04
5492,13
5531,01
5558,46
4992,77
4904,75
4867.35
4797.57
4984.29
5258,68
5213,56
5153,68
5239,67
5278,95
5316,25
5366, 15
5406.84
5441.30
5503.47
5837.90
5710.18
2031.3158
3785.7844
5634.15
5373.31
5832.38
5726,55
5627,78
5369.91
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Figure 8.3 -The V-band aniplitude-color (AC) relations for the Galactic Cepheids. The symbols
are same in Figure 8.1. The bolometric model light curves are converted to V-band light curves
with the bolornetric corrections obtained from BaSeL database. Left (a): AC relations at maximum
and nmnmuin light. Right (b): AC relation at mean liglit, for both of the acceding and descending
right panels are for the means of the ascending and descending branches, respectively. We see that
there is very good agreement between models and observations in this diagram. Figure 8.2 shows the
same quantities but on the log(P)-log(r) plane. The observed (V-I) colors for the Galactic Cepheid
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All Periods
Max 0.016 -0.033 ±0.005 3.807 ± 0.005
Mean 0.017
-0.062 ± 0.006 3.801 ±0 005
Min 0.022 -0.077 ±0.007 3.786 ± 0.007
log(P) > 0.8
Max 0.017 -0.014 ±0.009 3.787 ±0 009
Mean 0.019
-0.068 ± 0.010 3.808 ±0 010
Min 0.023 -0.076 ±0.012 3.786 ±0.012
log(P) < 0.8
Max 0.014 -0.109 ±0.023 3.862 ±0 016
Mean 0.014
-0.131 ±0.023 3.846 ± 0 016Mm 0.019 -0.193 ±0.031 3.865 ±0.022
data are converted to the temperature by using the BaSeL database mentioned m prev.ous section,
where the logC^) terms for the observed colors are approximated by using log(,) = 2.62 - 1.21 log(P)
(Beaulieu et al., 2001). We note that the qualitative nature of our results is the same m Figure 8.1
and 8.2: the flat nature of the relation at maximum light, the non-zero slope at minimum light and
an amalgam of these at mean light.
Recall that KN analyzed a large sample of Galactic Cepheid data and showed that the PC
relation was consistent with a single line at mean and minimum light, but at maximum light there
wa. significant statistical evidence for a break at 10 days. Figures 8.1 & 8.2 suggests that this break
actually occurs at log(P) ^ 0.8. As in KN, we can perform a two line regression, for Cepheids with
periods smaller and greater than log(P) = 0.8, and compare with a one line regression across the
entire period range. This is what is meant by short and long period in the following paragraph.
Table 8.4 shows the pha^e, overall dispersion, slope and error at that phase and then these same
quantities for the short and long period Cepheids respectively. From Figure 8.2 and Table 8.4, we
can conclude the following results:
1. The overall slope in the log(P)-log(T) plane at maximum light is flat and is significantly
different from the slope at mean and minimum light.
2. The short period slopes in this same plane are significantly diff-erent from zero at all three
phases. In contrast, the long period slope at maximum light in this plane is close to zero and
is significantly different from the slope at mean and minimum light.
3. If we reject all Cepheids with log(P) < 0.8 and test, using the methodology of KN, whether the
remaining data are consistent with a single line or with two lines broken at a period of 10 days,
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observations. We study this in Section 8.3.3.
8.3.2 The AC Relations
Figure 8.3 depicts plots of the AC relations for both models and data, at maximum, minimum
ascending and descending branch means. The bolometric corrections obtained from the BaSeL
database are used to construct the V-band amplitudes from the model light curves. We see good
agreement between models and data in these diagrams, though models constructed with our code
using the Bono et al. (2000a) ML relation have smaller amplitudes even though these models match
observations in the AC diagrams. Models constructed using the Chiosi (1989) ML relation with
our code generally have larger amplitudes. We caution here that the computed amplitudes, unlike
the periods, depend strongly on the strength of the artificial viscosity and of the assumed turbulent
eddy viscosity.
Table 8.5 gives the results from a linear regression of V-band amplitude against log T at the three
phases of interest for the Galactic Cepheid data, taken from Figure 8.2 & 8.3. Equation (6.1) shows
that, if the variation of logT^„, with period has a shallow slope close to zero, then an equation of
the form logr^,„ = a + bVamp is such that 6 is about -0.10. Prom Table 8.5, we see that the overall
slope is
-0.079, which is very close to the theoretically expected value. Accounting for the error on
the slope shows that the actual slope is statistically indistinguishable from the theoretical value of
-0.10. In addition. Table 8.5 implies that the overall slope for Vamp-\ogTma. relation is close to
zero across the entire period range. This strongly supports the validity of equation (6.1) and our
interpretation of the predictions arising from this equation if either logT„„^ or logT^^n obey a flat
relation with period. Figure 8.4 argues this graphically with a two panel plot displaying V-band
amplitude against log7;„i„ and logT„„^ on the left and right panels, respectively. An AC relation
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Table 8.5
-V-band amplitude fK lr,o^T .
dispersion from the re^^sion ofThe forni l^T '^'-TZv' ""^'"^^'^ ^^P^eid data, a i« the
^^^^^^^^^^^^^^
All Periods
Max 0.018 0.011 ±0.007 3.770 ±0.006Mean 0.021
-0.050 ±0.009 3.784 ±0 007Mm 0.024 -0.079 ±0.010 3.778 ±o:008
log(P) > 0.8
Max 0.017 0.018 ±0.008 3.757 ±0 007Mean 0.021
-0.048 ±0.009 3.776 ± 0 009Min 0.023 -0.073 ±0.011 3.766 ±0.009
log(P) < 0.8
Max 0.015 0.038 ±0.015 3.760 ±0 011
Mean 0.017
-0.007 ±0.017 3.761 ±0 012
-^^i!L__0:023__-0^040^^
may also occur if either loeT nr Ino-r v, u n' gi^ax o logT^,„ ha^ a shallower relation with period than the other
quantity.
8.3.3 The Interaction of the HIF and Photosphere
In Figures 8.5-8.7, we present the plots of the temperature and opacity profiles, i.e. temperature
and log opacity against location in the ma.s distribution respectively, for a representative selection of
the models in Table 8.1. We display plots for a long period (log[P] > 1.0), short period (log[P] < l.o)
and a 10 day period model. The ma«s distribution is measured by the quantity Q = log(l - M./A/),
where M. is the mass within radius r and M is the total ma.s. Each panel shows the temperature
and opa^^ity profiles at maximum, mean and minimum light with dotted, solid and dashed curves,
respectively. For each model, we also include the plots for the case when the mean is on the
ascending and descending branch respectively. The photosphere is marked with a filled circle in these
figures. Figure 8.8 illustrates the luminosity and temperature profiles against ma.s distribution in
one pulsating cycle.
In general, the HIF sweeps back and forth in the mass distribution a^ the star pulsates. A
naive way of thinking about this would be that the HIF is furthest out and furthest in, in the ma.s
distribution, at maximum and minimum light respectively (SKM). Our models indicate that the
situation is more complicated than this, and we summarize the main results from Figure 8.5-8.7 aa
follow:
1. At minimum light, the photosphere is closest to the HIF at short period but moves progressively
away from the ba^ie of the HIF as the model period increases. This is in concordance with
the lowest panel of Figures 8.1 and 8.2 which display the period temperature relation for
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Figure 8.5 -The temperature and opacity profiles for a long period model. The dotted, solid and
dashed curves are for the profiles at maximum, mean and minimum light, respectively. The filled
circles are the location of the photosphere at r = 2/3 for each phases. The mean light profiles at the
ascending and descending branch are the solid curves that lie close to the profiles at maximum light
(dotted curves) and minimum light (dashed curves), respectively. Left (a): Temperature profile.
Right (b): Opacity profile.
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Figure 8.6 -Same a^. Figure 8.5, but for model with period at 10 days.
Figure 8.7 -Same as Figure 8.5, but for model with short period.
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profiles in descending branch.^ n Wr panels tL d"^^^^^^^ '"l' ^^"^P^-^"-
at maximum and minimum light Th! e the oliH T"""'""* temperature profiles
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'^'""""^ temperature profiles at other
models and data a. one single line such that longer period models have cooler photospheric
temperatures at mimmum light. However, at maximum light, the photosphere lies at the ba.e
of the of the HIF for all the models presented.
2. We can quantify this by defining the quantity A to be the "distance", in units of Q, between the
photosphere and the point in the HIF where dT/dQ is a maximum. Figure 8.9 illustrates this
and Figure 8.10 portrays the results when we plot A against log(P) at maximum, minimum and
the ascending and descending branch means. In Figure 8.10, the error bars are estimated from
the coarseness of the grid points around the location of HIF. We see clearly that at maximum
light, A is constant over a large period range, whereas at minimum light, A gets larger as the
period increases. The value of A at the phases of ascending and descending branch means is a
mixture of the behavior at maximum and minimum light. There is an indication that for long
period models (log(P) > 1.3) at maximum light, the photosphere starts to become disengaged
from the base of the HIF. As the period increases, so does the L/M ratio and, in general, the
effective temperatures become lower. Kanbur (1995) showed that such changes push the HIF
further inside the mass distribution, making it harder to interact with the photosphere even
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Moreover, the tnttnre and ,hape of the IIIF« to change ,ig„i«can.ly during the pulsion
poriod.
1. At »h„rt/h,ng period, the IlIF at a,ce„ding/,le»e„ding hran.J, n.ean hghl i» l„c.,, front
/ behind its location at maxinmin/niiniinuni light.
5. We also note that the nature of the HIF changes when it is located outside of its locations
at either maximun. or n.ininuun light. These changes in the HIF occur at period ranges
corresponding to the location of hun.ps on the ascending or descending branches of the light
curve: the Hertzsjjrung progression.
6. If we deHne "amplitude of IIIF oscillation" a. the range of log( 1 - M./A/ ) values occupied by the
HIF, then there is a correlation between this and the resulting an.plit ude of the photospheric
light curve.
8.3.4 Cepheids with log(/') < 0.8
Figure 8.1 and tlu- r.-sults of Tables 8.4 & 8.5 suggest that (Cepheids with log(P) < 0.8 do not
obey a flat relation with period at maximum light. Our current grid of models does not include any
models with such ,,eriods, but Figures 8.10 does indicate that the photosphere will be located at the
ba«e of the HIF at all phases of pulsation as is the case with RRab stars (Kanbur, 1995; Kanbur
k Phillips, 1996). Figure 8.10 also indicates that as the period gets shorter the "distance" in the
mass distribution between the HIF and the photosphere is the same at maxinunn and mimnuun
light. This does not necessarily mean that there will be a flat VC relation at both these phfises as
explained by Kanbur (1995) and Kanbur & Phillips (1996) for the case of RRab stars. These short
period, fundamental mode Cepheids will be investigated in a future paper.
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Figure 8.9 -Illustration of the location of HIF and photosphere, and the way to calculate A The
crosses represent the zones in the model calculations. The location of the photosphere, at r =
2/3, and the HIF are marked with filled circles. The location of the HIF is defined as the zone
with the steepest gradient in the temperature profile. Therefore, A is the "distance" (in terms of
log[l
- Mr/M]) between the photosphere and HIF. Upper and lower panels illustrate the cases that
the photosphere is far away and close to the HIF, respectively.
8.4 Light Curve Structure of the Models
It is desirable to compare the theoretical light curves from models quantitatively to the observed
light curves, for example by Fourier decomposition (Payne-Gaposhkin, 1947; Simon k Kanbur, 1995)
or Principal Component Analysis (Kanbur et al., 2002). The three panels of Figure 8.11 present
the plots of the Fourier amplitudes k A2 (top and bottom left-side panels respectively) and
021 = 02 - 201 (right-side panel) against log(P) for the observed data and the model light curves.
The Galactic Cepheid data, which are the same as those used in KN, and the V-band model light
curves are subjected to a Fourier decomposition of the form (i.e, equation [2.1] or [2.2]): V{t) =
^0 + J2[^kCOs{2knt/P + (j)k)], where P is the period. We used a simulated annealing technique, as
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described in Chapter 2, to perfo™ th. Fo„H« deco„,po..:o.. Th. „,et„„d
.g„,„ca„.„
.educe,
numerical noise in the FouHe. decomposition of spa,.,,
.a.„p,ed periodic data (Ngeow e. al., 2003)
In tern, of the» diagram, there i. „,nch better agreement between nrodel, and observation,
when „e use the Chiosi ML relation (equation 18.1],. These diagrams also illustrate that the agree-
ment between models and data in the log(P,.temperat„re or log(P,.c„,or plane is a necessary hut
not suflicient, condition for agreement between observed and theoretical light curves This also
emphasizes that the physical effect of interest i„ this chapter . the interaction of the photosphere
and HIP
.
is a fundamental physical effect which is. to son.e extent, independent of the ML relation
used.
The Florida code used in this study contains a recipe to calculate the time dependent turbulent
convection whilst SKM found a similar result using a purely radiative, dynamically zoned code Our
results imply that this interaction is also independent of numerical techniques and physics included
in the code. What is needed is the presence of hydrogen and an accurate description of the opacity
when hydrogen starts to ionize.
At first sight, the left panels of Figure 8.1 1 nnght lead one to question the ML relation in equation
(8.2). However, the numerical recipe to model convection contains seven dimensionless parameters
(the a parameters, Yecko et al., 1998), many of which can influence the amplitude. A more detailed
study and comparison of the effect of ML relations may remove this discrepancy. For example, the
two models constructed with the ML relation used in SKM, shown a. black dots in Figure 8.11, do
lie closer to the observations in the Fourier plane. This may also explain the discrepancy between
observations and theory in the \og{P)-[V - /)^„, plane for log(P) > 1.3 when the Bono et al.
(2000a) ML relation is used.
8.5 Conclusion and Discussion for this Chapter
By looking at the way the Cepheid photosphere, the region where the Cepheid continuum is
generated, interacts with the HIF, we have provided a simple qualitative physical explanation for the
observed PC properties of fundamental mode Galactic Cepheids with log(P) > 0.8. This explanation
relies on the fact that the opacity in a Cepheid becomes very high when hydrogen starts to ionize.
This acts as a wall and prevents the photosphere going any deeper, and leads to a flat relation
between period and temperature at the phaiie when the HIF interacts with the photosphere. For
Galactic Cepheids this is observed at maximum light. At other phases, the photosphere is located
away from the opacity wall and its temperature is related to the global properties of the star and
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hence its period. This explains, convincingiy, why the Galactic Cepheid period-te.perature relation
IS flat at maximum light and ha. a non-zero, single slope at mean and minimum light
The qualitative nature of this idea remains true whether the pulsation code is purely radiative
(as m SKM), or ha. a numerical recipe to model time dependent turbulent convection a. in this
work. The interaction between the photosphere and HIF may also provide some explanation for the
suggestion made by Kervella et al. (2004a), that the region where spectral lines are formed do not
necessary move homologously with the region where the K-band continuum is formed. In addition
because we have used two ML relations with a wide range of L/M ratio in our study, and because the
same physical effect is present in models constructed with either relation, the qualitative nature of
our result is independent of the ML relation used. However, the ML relation used and its variation
with metallicity, will dictate how the interaction of the HIF with the photosphere changes with
Cepheids in a different metallicity environment. In the next chapter, we will investigate how these
ideas can be used to explain the PC, AC and PL properties of fundamental mode LMC Cepheids.
We have also found evidence that the non-linear nature of the Galactic PC relation at maximum
light reported by KN is due to short period fundamental mode Cepheids with log(P) < 0.8. These
short period stars follow distinctly different PC relations and deserve further detailed study.
What bearing do the results of this chapter have on the Cepheid PC and PL relations at mean
light? It is clear that PC relations at different pha.es contribute to the PC relation at mean light,
a. shown in equation (1.2). Ngeow & Kanbur (2005 - in preparation) compute PC relations for
Galactic and Magellanic Cloud Cepheids at all pha.es between 0 and 1 and show that, for example
for Galactic Cepheids, a. the pha.e approaches maximum light, the slope of the PC relation becomes
flatter (see also Chapter 9.4). Since the mean light PC relation affects the mean light PL relation
(Maxlore k Freedman, 1991), our aim of understanding the rea.ons behind changes in the PC and
AC relations at diff'erent phases has a direct bearing on understanding at lea.t one cause of the
possible variation of the mean light Cepheid PL relation from galaxy to galaxy. Below we discuss
how our results are pertinent to studies of the variability of the Cepheid PL relation from galaxy to
galaxy.
The evidence that shows the slope of the LMC PL relation at mean light is significantly different
to the slope of the mean light PL relation in the Galaxy has been provided in Tammann et al. (2003),
Ngeow & Kanbur (2004) and Storm et al. (2004). Furthermore, the mean light LMC PL relation
suffers a change at a period of 10 days whilst the mean light Galactic PL relation data is consistent
with a single slope with current data (Tammann et al., 2003; Fouque et al., 2003; Kanbur k Ngeow,
2004; Ngeow k Kanbur, 2004; Sandage et al., 2004; Storm et al., 2004). However, the results from
139
mean
this chapter and also from KN and Ngeow & Kanbur (2005 - in preparation) imply that the
light PC relation is affected by changes in the PC relation at different phases during a pulsation
cycle, as given in equation (1.2). Thus the study of PC relations at various pha.es impacts on the
variability of the mean light PL relation from galaxy to galaxy.
In this chapter, we have updated and extended the work of SKM to provide an account of a simple
physical mechanism, the interaction of the photosphere and HIF, which can change the properties
of PC relations for Galactic Cepheids and so affect the PL relation. Specifically, a new result of our
work is that for Galactic Cepheids with log(P) > 0.8, the maximum light PC relation is flat, i.e.,
the HIF and photosphere are engaged at maximum light. We also study the changes in AC relations
because they are linked to PC relations through equation (6.1). A flat PC relation at maximum light
leaxis to an AC relation at minimum light of slope ^ -0.1 from equation (6.1), as seen in Figure
8.4 and Table 8.5. However, a Cepheid in the LMC will have a different ML relation, usually in the
sense that LMC ML relations have higher L/M ratios. Then in order to compare Galactic and LMC
Cepheids of the same period, the LMC Cepheid needs to be hotter (KN). Kanbur (1995) and Kanbur
& Phillips (1996) found that such changes in the (M, L, T,) triplet describing the model changes the
relative location of the HIF and hence the pha^e and the range of periods at which they interact.
Our preliminary hypothesis is that for LMC models, it is only after log(P) > 1.0 that the HIF and
photosphere are engaged at phases around maximum light, leading to a flat PC relation. This flat
PC(max) relation for long period (log[P] > 1.0) LMC Cepheids could be one of the causes for the
non-linear nature of the mean light LMC PL relation (KN). Empirically, KN provide evidence that
the LMC PC relation is flat for log(P) > 1.0 whereas this crossover period is log(P) as 0.8 in the
case of the Galaxy, as found in this chapter. In case of SMC Cepheids, KN also provide evidence
that the maximum light PC relation is not flat even for long period Cepheids. Our contention is,
using some of the results of this chapter, that amplitudes in SMC Cepheids are not high enough to
force an interaction between the photosphere and HIF, as the SMC Cepheids have lower amplitudes
than the LMC (Paczyriski k Pindor, 2000). This must wait confirmation from SMC models.
Groenewegen et al. (2004) recently reported a metallicity dependence in the zero point of Cepheid
PL relation at mean light. They used 34 Galactic Cepheids with individual metallicity measurements
and then supplemented this sample with primarily long period Magellanic Cloud Cepheids to show
the existence of a quadratic term in log(P) in the PL relation. When they used primarily Galactic
Cepheids in their sample, they found no evidence of a quadratic term. They interpreted these results
as being due to a metallicity dependent zero point in the PL relation. These results are also consistent
with the Cepheid LMC PL relation having different slopes for long and short period Cepheids as
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suggeseed b, KN and Sandage et a,. (2004). Sa„da,e e. a,. ,2004, a,» plotted «„p„t„de-„ea„ coW
relat.o„. in ,„„,in„.t, bin. However, KN', AC relation, were along the Instabilit, strip ,t will be
interesting to appl, tl.e precept, behind ecuation (O.I, and multi-pha^e AC relation. i„ l„,„i„o.it,
and/or period bins, that is, across the instabihty strip.
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CHAPTER 9
PERIOD-COLOR AND AMPLITUDE-COLOR REI ATTOiv^ tm r^rsr.CLASSICAL CEPHEID VARIABLES III THE lKodL^^^THE NEW EMPIRICAL RELATIONS
In this chapter the new empirical LMC period-color (PC), amplitude-color (AC) and period-
luminosity (PL) relations at maximum, mean and minimum light are presented with the updated
LMC Cepheids data. The F-tests are performed to these relations and it was found that these
empirical relations are non-linear with a discontinuity (or a break) at a period of 10 days, expect
for the PL relation at maximum light. The multi-pha.e PC relations for the Galactic and LMC
Cepheids are compared. The results show that the slopes of the LMC long and short period PC
relations as a function of pulsational phase are qualitatively similar to the Galactic counterparts but
quantitatively different. In particular the LMC slopes are steeper and shallower in the long and short
period ranges than the Galactic slopes. These differences lead to a non-linear LMC PC relation at
most of the pulsational phases but only a small fraction (in pulsational phases) of the Galactic PC
relations are non-linear. In addition, it is also found out that the Galactic and LMC PC relations
are flat at maximum light for the long period Cepheids, while this happen around phase of ~ 0.8
(with phase zero being the maximum light) only for the short period LMC Cepheids. Further, both
of the Galactic and LMC PC relations are non-linear at maximum light and also around phase of
~ 0.8, which are not seen before.
Following the Galactic models constructed in Chapter 8, we also constructed the LMC models
with the two adopted ML relations. The location of the photosphere relative to the hydrogen
ionization front (HIF) is investigated. It is found out that at maximum light, the behavior of the
photosphere-HIF interactions for the LMC models is similar to the Galactic counterparts, where
the photosphere is located next to the base of the HIF. While at minimum light, both of the LMC
and the Galactic long period models show a similar behavior that the photosphere is disengaged
from the HIF. But there are some indications for the photosphere-HIF interactions to occur at the
short period LMC models, which is not seen in the Galactic short period models. Comparisons of
the theoretical quantities with observations for the PC, AC, period-temperature and period-Fourier
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P— relations .how
.ha. .he „ode. are
.e„e.a,„ a.« „i.h .he da.a, however
.hese modelshave waller a^ph.udes a.d cooler
.e.pera.ure. a.
,
..ehar p„„a.i„„ codes before
.he h„a, co„c,„s,o„ can he drawn for
.he physical rea^n hehind
.he
non-linear LMC PL and PC relations.
9.1 The Motivations
The evdence of the non-linear period-luminosity (PL) and period-color (PC) relations for theLMC Cepheids have been presented in Chapter 5 & 6. A ,r.U^rnar, hypothesis to account for
the non-linear PC relation is the interaction between the photosphere and the hydrogen ionization
front (HIF) at the outer surface of the Cepheids. In this hypothesis, the long period LMC Cepheids
wdl behave like the Galactic Cepheids where the photosphere-HIF interactions occur at the maxi-
mum light, and the short period LMC Cepheids will behave like the RR Lyrae variables where the
photosphere-HIF interactions occur at the minimum light.
The methods and the techniques that are needed to investigate this hypothesis and the non-
linearity of the PC and PL relations are well developed in previous chapters. These include: (a) the
light curve construction techniques to reconstruct the full Cepheid hght curves; (b) the statistical
test (the F-test and/or the chi square-test) to examine the non-linearity of the empirical relations;
(c) the studies of the empirical PC and the amplitude-color (AC) relations that provide some hints
for the photosphere-HIF interactions; and (d) the use of stellar pulsation code to construct the
pulsation models to investigate the photosphere-HIF interactions. In this chapter these methods
and techniques are combined coherently to investigate in detail the non-linear LMC PL and PC
relations and the role of the photosphere-HIF interactions that may cause these non-linearity. This
chapter mainly divided into two parts: empirical studies with the updated LMC Cepheids data, and
the LMC models construction with the same stellar pulsation codes used in the previous chapter.
Note that throughout this chapter, by long and short period Cepheids we mean Cepheids with
periods greater and less than 10 days, respectively.
9.2 Updated LMC Data
In order to construct the PL, PC and AC relations at the phases of maximum, mean and minimum
light, it is necessary to construct the full Cepheid light curve from the available V- and I-band
photometric data points. This was done with the n*''-order Fourier expansion (equation [2.2]) as
described in Chapter 2. In Chapter 6, we have constructed the light curves of the fundamental
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mode Cepheids in the Large Magellanic Cloud (LMC) by using the extensive photometric dataset
m the OGLE (Optical Gravitational Leasing Experiment) database. However, the dataset used in
Chapter 6 wa. downloaded in 2002, prior to the updated version of the dataset that w.s available
after AprU 24, 2003 (OGLE website, Udalski 2004 [private communicatH)- The updated version
includes additional V- and I-band data for most of the Cepheids. In addition, the periods have been
refined using the complete set of photometric data by the OGLE team. Due to these reasons, we
decided to repeat the light curve construction with the updated data and periods. Other differences
between this chapter and Chapter 6 are: (a) since the Cepheids in OGLE database are truncated
at log(P)
~ 1.5, due to the saturation of the CCD detector for the longer period (hence brighter)
Cepheids (Udalski et a!., 1999a), therefore we include some additional LMC Cepheid data from
Moffett et al. (1998) and Barnes et al. (1999) which extend the period coverage to log(P) > 1.5,
and (b) in Chapter 6, the Fourier fit wa. done only to n = 4, wherea. here we fit the data with
higher order Fourier expansion.
The photometric data of all Cepheids, comprising 771 from OGLE and 14 from Moffett et al.
(1998)+Barnes et al. (1999), were mainly fit with n = 4 to n = 8 Fourier expaiisions in the V-
and I-band. However, for some of the OGLE long period Cepheids {P > 11.5days), it is found out
that the quality of the fitted light curves can be improved upon by using a higher order Fourier
expansion, hence we extend the fit to n = 12 for these long period Cepheids. All the fitted light
curves were visually inspected and the best-fit light curves from the different orders of the Fourier
expansions were selected. The extinction is corrected with the standard procedure, i.e. m|)^'^' =
rriivj) - R(v,i)E{B - V) with Rv = 3.24 and Rj = 1.96 (Udalski et al., 1999b). The values of
E{B - V) for each OGLE Cepheids are taken from the OGLE database (Udalski et al., 1999b),
while for the Cepheids in Moffett et al. (1998)+Barnes et al. (1999), the values of E{B - V) are
adopted from Sandage et al. (2004). Finally, the extinction correction for the color is just (V" - /)o =
{V -I)- {Rv - Ri) X E{B - V).
9.2.1 Selection of the Cepheids
There are total of 785 LMC Cepheids in our sample. In order to guard against possible contami-
nation from the first overtone Cepheids (Udalski et al., 1999a) and to be consistent with the previous
studies (Chapter 6; Kanbur & Ngeow, 2004; Sandage et al., 2004; Udalski et al., 1999a), we remove
the Cepheids with log(P) < 0.4. This leaves 743 Cepheids in our sample. Before we use this sample
to derive the PC, AC and PL relations, we need to clean-up the sample by removing the "bad"
Cepheids. We first remove 9 Cepheids in the OGLE database without the V-band photometry, or
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the number of V-ba„d da.a
.
.o„ low to fit a „ = 4 Foutiet expansion. We then te„,ove 2, Cephei*
w,th poor,, fitted or unaeeeptable light curves (.ai„„ i„ the V-band) i„ the sample, such as those
w,th a large scatter of data points or with bad-ph..e coverage (large gaps between the phased data
pomts), because the nraxintum and .ininru, values (as well as the nre^s) from the« light curves
cannot be accurately determined.
Color-cuts are then applied to the remaming Cepheids to remove some outliers. We first plot
out (a. in Figure9.1[a]) the extinction corrected PC relation at mean light, defined a. (V - -
IMV)
- ^o(/)]
- iR. - R,)EiB - V) with A. obtained from equation (2.2)^ The plot^shows
that there are number of outliers in the period-color plane, mostly with log(P) < 1.0. The presence
of these outliers is probably due to: (i) their extinction are either over or under estimated in the
OGLE database; (ii) they have blue or red companions that cannot be resolved due to the problems of
blending; or (iii) other unknown physical reasons. Detailed investigation of these outliers are beyond
the scope of this chapter, but it is clear that they should be removed from the sample. However, they
are classified as fundamental mode Cepheids because their amplitude ratio {R,, = A,/A,, Simon
& Lee, 1981) follows the distribution of other normal fundamental mode Cepheids as evident from
Figure 9.1(d). These outliers are removed with the adopted color-cut of 0.35 < (V-/)g>^^" < 0.95, a
compromise between maximizing the number of Cepheids in the sample and excluding the Cepheids
with unusual color. Note that this color-cut is only applied to the short period Cepheids because
there are not many long period Cepheids in the sample. Furthermore, the PC (mean) relation for
the long period Cepheids is steeper than the short period Cepheids, hence as the period increases
the color becomes redder, which can be excluded from the color-cut.
Some Cepheids with unusually low V- and Lband amplitudes were found in the sample. Their
amplitudes are typically 2 ~ 3 times smaller as compared to the amplitudes of other Cepheids at
given period. Some examples of the light curves for these low amplitude Cepheids are given in Kanbur
et al. (2003). In addition, most of the light curves for these low amplitude Cepheids can be fitted with
n = 4 Fourier expansion, while other Cepheids with "normal" amplitude may require higher order
fits. These low amplitude Cepheids do exist in some galaxies (see, for example Pietrzyriski et al.,
2004). Kanbur et al. (2003) has briefly discussed some possible physical reasons for these Cepheids to
have such low amplitudes, such as they are just entering or leaving the fundamental mode instability
'We use this definition because it is the average of the color at all phases (from zero to one).
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Figure 9.1 -The various relations and the color-magnitude diagram (CMD) for the LMC Cepheids
after removing Cepheids with log(P) < 0.4 and those lacking of V-band photometry. The symbols
are (see text for details): filled circles = Cepheid with poor fit of the light curves; open squares =
the rejected Cepheids after color-cut of 0.35 < {V - 7)^"" < 0.95; open triangles = the excluded
Cepheids after the amplitude cut; filled triangles = the removed Cepheids for possible duplicity; and
open circles = three longest period Cepheids, which are the outliers in PC(max) relation. The dots
and the crosses are the remaining good Cepheids from OGLE and Moffett et al. (1998)-fBarnes et
al. (1999), respectively.
strip (Buchler & Kollath, 2002)^ or they have different chemical composition^. It is also possible
that they are first overtone Cepheids but mis-identified as fundamental mode Cepheids, because the
^Few of them do lie near the boundaries of the instabihty strip as shown in Figure 9.1(c).
^Cepheids in lower metallicity galaxies will have lower amplitudes (see, e.g., van Genderen, 1978; Paczynski &
Pindor, 2000)
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r.t ov«„„e Cepheids normal,, have ,ow„ ^pUt.d. and the hght curve, can be „e„ mted .i.h
lower-order Fonr.er expansions. Again, the detailed investigation of these low amplitude. Cepheids
are beyond the scope of this chapter. Here, we appl, a conservative amplitude cut of O.Smag in the
V-band to remove
.he low amplitude Cepheids (see Figure 9.2). Note that the practice of removing
the low ar^plitude Cepheids ha» been done in the literature, for example Pietr.y« et al. ,2004)
apphed a cut of 0.4mag. to the Cepheids i„ NGC 6822. Besides that, we also remove OGLE-286532
and HV.2883 a. the, are clear outliers in the V-band amplitude vs. log(P) plot, as shown in Figure
0 '—' ' ' ' ' ' ^ ' 1 ' 1 I 1 I
0.5 1 1.5 2
log(P)
Figure 9.2 -The V-band amplitudes as function of log(P) for the Cepheids after removing the
Cepheids without V-band data, the Cepheids with poorly fit light curves and the Cepheids with
color-cut. The dashed line is the adopted amplitude cut. The two outliers in the long period range
are also identified.
Some of the possible duplicated Cepheids were then removed in the OGLE database by consulting
table 4 of Udalski et al. (1999b). A preliminary analysis of the PC relation for the remaining Cepheids
reveals that the three longest Cepheids should be removed from the sample, because they are clear
outliers in the PC plot at maximum light (see upper panel of Figure 9.3). Without these three longest
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log(P)
Figure 9.3 -The long period LMC PC relations at maximum and minimum light. Upper panel (a)-
The PC relation at maximum for the long period LMC Cepheids. The dashed line is the regression
to all long period Cepheids, with the form of {V - /)^"^ = 0.261 log(P) + 0.207, while the solid
line is the regression to the Cepheids without the three longest period Cepheids, with the form of
(V - 7)^°^ = 0.039 log(P) + 0.470. Lower panel (b): The PC relation at mean light for the long
period Cepheids. The dashed and the solid lines are the regressions with and without the three
longest period Cepheids, respectively.
period Cepheids, the PC(max) relation for the long period Cepheids is flat, which is consistent with
the results found in Chapter 6. The hypothesis of the HIF-photosphere interaction also suggests the
flatness of the PC relation at maximum light for long period Cepheids. However, as the period gets
longer (with log[P] > L8), the photosphere disengages from the HIP (Simon et al., 1993). It is clear
from upper panel of Figure 9.3 that these three Cepheids bias the slope of the PC(max) relation by
making the slope becomes steeper. Even though these three Cepheids fall on the ridge line of the
PC relation at mean light, as shown in lower panel of Figure 9.3, they should be excluded from the
sample because they are the outliers of the PC(max) relation. Hence, the final sample consists of 636
LMC Cepheids that will be considered further. The locations of the outliers from various selection
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criteria are shown i„ Figure 9.1 for tl,e PC(mean) relation, V-ba„d PL relation, fl„,„g(P)
,e,.t,o„
and the color-magnitude diagram (CMD).
9.3 The New Empirical Relations
To construct the empirical PC, AC and PL relations, we used the following quantities from the
Fourier fits for the Cepheids as obtained from previous section:
.
V-band amplitude: the difference of the numerical maximum and minimum from the Fourier
expansion, I4mp = Kntn - Vmax-
. {y _ /)max. jgfjj^gj ^ y^^^ _ j^^^^^^ ^^^^^ ^^^^^^ ,^ ^^^^ magnitude at the same
phase as V^ax-
. (V ~ I)mean. j^g^^^ ^ ^^^y^ _ ^^^^^^ ^^^^^ ^^^^.^^^ ^^^^
^^ ^^
very similar to the conventional definition of the mean color, < V > - < / >, where <>
denotes the intensity mean.
• {V - I)phmean. defined as Vmean - Iphmean, where Iphmean is the I-baud magnitude at the
same phase as Vmean- Vmean is the v-band magnitude closest to Ao{V)., the mean value in
equation (2.2).
• (V- defined as Vmin - Iphmin, where Iphmin is the I-band magnitude at the same phase
Vmin
• V^"""'"''""" and I^^ax/mm. defined as the numerical maximum/minimum from the Fourier ex-
pansion.
• l/"'^"" and Z'"^"": defined as the mean value in equation (2.2), the Aq.
Note that these quantities (except the Vamp) have been corrected for extinction as mentioned in
previous section.
To test the non-linearity of the PC, AC and PL relations, or the "break" at a period of 10 days,
we apply the F-test as given in Chapter 5 & 6 (see Chapter 6 for the detailed formalism and the
setup for the F-test). Simply speaking, the null hypothesis in the F-test is single line regression
is sufficient, while the alternate hypothesis is that two lines regressions with a discontinuity (a
break) at 10 days is necessary to fit the data. The probability p(F), under null hypothesis, can be
obtained with the corresponding F values and the degrees of freedom. In general, the large value of
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F (equivalent to the s.all value of indicates that the null hypoth«is can be rejected For our
sample, F
. 3.0 when = „.„5 (the 95% confldent level,, therefore the null hypothec, cau he
rejected if F i» greater than 3 with more than 95% confident level and the data is nrore consistent
with the two-line regression.
The empirical LMC PC and AC relations at maximum, means and minimum light for all long
and short period Cepheids are summarized in Table 9.1 & 9.2, and the corresponding plots are
presented in Figure 9.4 & 9.5, respectively. A glance of Table 9.1 and Figure 9.4 suggests that the
LMC PC relations are broken at maximum, means and minimum light. These are confirmed with the
F-test results with Fpc (max, mean, phmean, min) = {7.88, 9.69, 18.0, 13.1}. Similarly, the F-test
results for the AC relation are: F^c(max, mean, phmean, min) = {132, 153, 150, 162}. Hence, the
LMC PC and AC relations are non-linear (hence broken) at max.mum, means and minimum light.
Note that the flatness of the long period PC(max) relation a. given in Table 9.1 (0.039 ± 0.071) is
in good agreement with the slope found in Chapter 6 (-0.031 ± 0.101). Recall that equation (6.1)
predicts that if the PC relation is flat at maximum light, then there is a correlation between the
amplitude and the color at minimum light. This is seen in Table 9.1 (and in Figure 9.5) for the long
period AC(min) relation, with a slope of 0.241 ± 0.049.
Table 9.1 -The LMC period-color relation in the form of (V - I) = alog(P) + 6, and a is thedispersion ot the relation.
Phase a 6 a
All, =: 636
Maximum 0.177 ±0.017 0.323 ±0.012 0.098
Mean 0.229 ±0.013 0.478 ± 0.009 0.074
Phmean 0.248 ±0.014 0.489 ±0.010 0.081
Minimum 0.300 ±0.013 0.530 ± 0.009 0.075
Long, = 58
Maximum 0.039 ± 0.071 0.470 ± 0.087 0.095
Mean 0.320 ± 0.053 0.386 ± 0.065 0.071
Phmean 0.409 ± 0.067 0.319 ±0.083 0.091
Minimum 0.357 ± 0.057 0.486 ± 0.070 0.076
Short, N := 578
Maximum 0.263 ± 0.029 0.272 ±0.018 0.097
Mean 0.153 ±0.022 0.523 ±0.014 0.074
Phmean 0.141 ±0.023 0.552 ±0.014 0.078
Minimum 0.210 ±0.022 0.582 ±0.014 0.073
The fitted LMC PL relations at maximum, mean and minimum light are presented in Table
9.3. The plots of the PL relations at maximum/minimum light and at mean light are shown in
Figure 9.6 k 9.7, respectively. The F-test results for these PL relations are: Fv (max, mean, min) =
{1.53, 8.50, 17.9}, and F/ (max, mean, min) = {0.12, 7.16, 19.7}. The large F-values for both V-
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Table 9.2 -The LMC amplitude-color relation in the form of (V I\ udispersion of the relation^ \ [ - ) = aV^^^, + h, and a is the
Phase a ^ ~
All, N = 636
Maximum
-0.283 ±0.019 0.646 ±0 015
Mean 0.019 ± 0.019 0.617 ±0 014
Phmean 0.064 ± 0.021 0.608 ± 0 016
Mmimum 0.148 ±0.021 0.622 ±0.015
Long, = 58
Maximum
-0.207 ± 0.049 0.714 ± 0.048
Mean 0.154 ±0.050 0.631 ± 0 049
Phmean 0.242 ± 0.061 0.589 ± 0 059
Minimum 0.241 ± 0.049 0.693 ± 0.048
Short, N = 578
Maximum
-0.419 ± 0.019 0.729 ± 0.014
Mean
-0.130 ±0.018 0.708 ± 0.013
Phmean
-0.099 ±0.109 0.708 ±0.014
Minimum
-0.008 ± 0.020 0.716 ±0.014
0.092
0.091
0.098
0.097
0.083
0.085
0.103
0.083
0.076
0.074
0.078
0.079
log(P)
log(P)
Figure 9.4 -The period-color (PC) relations for the LMC Cepheids at maximum, means and mini-
mum light. The open and filled circles are for short and long period Cepheids, respectively. The solid
and dashed lines are the fitted PC relations for the short and long period Cepheids, respectively.
and I-band PL relations at mean and minimum light strongly indicate that the PL relations at these
two phases are not linear, and the data is better described with the broken PL relation. However,
the small F-values at maximum light, with corresponding p-values of 0.217 and 0.883 for the V-
and I-band PL(max) relations respectively, show that the null hypothesis of the F-test cannot be
rejected. Hence there is no observed break seen in the PL(max) relation and the data is consistent
with single line regression.
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Figure 9.5 -Same as Figure 9.4, but for the amplitude-color (AC) relations.
Figure 9.6 -The LMC PL relation at maximum (left panel) and minimum (right panel) light. The
upper and lower panels are for the V-band and the I-band PL relations, respectively. The open and
filled circles are for short and long period Cepheids, respectively. The dashed lines are the fitted PL
relations for the long period Cepheids. While the solid lines are the fitted PL relations for the short
period Cepheids, and extended to the longer period range to compare with long period PL relations.
9.3.1 Testing of the Outliers
Could the outliers that were eliminated in the previous section influence the results of the non-
linear PL and PC relations? We investigate this by considering the PC(mean) relation with the
color-cuts, amplitudes cuts and the elimination of the three longest period Cepheids. In Table 9.4,
we present the slopes for the short period PC relation from the least squares regression, along with
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Figure 9.7 -Same a^i Figure 9.6, but for the LMC PL relations at mean light.
Table 9.3 -The period-luminosity relation in the form of m^yj) = a^vj) log(P) + 6(v m, and a,v n
is the dispersion of the relation.
'
Phase ay
All, = 636
Maximum
-2.783 ±0.045 16.700 ± 0.032 0.259 -2.965 ±0.030 16.379 ±0.021 0.169
Mean
-2.736 ±0.036 17.088 ±0.025 0.206 -2.965 ±0.024 16.610 ±0.017 0.140
Minimum
-2.547 ± 0.035 17.270 ± 0.025 0.202 -2.841 ± 0.024 16.741 ±0.017 0.138
Long, AT = 58
Maximum
-2.941 ±0.189 16.868 ± 0.233 0.254 -2.995 ±0.129 16.411 ±0.159 0.173
Mean
-2.598 ±0.161 16.977 ±0.198 0.216 -2.918 ±0.112 16.591 ±0.138 0.150
Minimum
-2.182 ±0.166 16.893 ±0.205 0.223 -2.528 ±0.119 16.403 ±0.147 0.160
Short, N = 578
Maximum
-2.680 ± 0.077 16.640 ± 0.048 0.260 -2.946 ± 0.050 16.368 ±0.031 0.169
Mean
-2.937 ±0.060 17.205 ±0.038 0.203 -3.090 ±0.041 16.683 ±0.026 0.138
Minimum
-2.818 ±0.057 17.429 ±0.036 0.194 -3.030 ± 0.039 16.852 ±0.024 0.131
the results from the F-test with different color-cuts. For comparison, the slope for the long period
PC(mean) relation is 0.343±0.034. From the table, we can see that the F-test result for the color-cut
of 0.00 <{V- 1)^"'^" < 5.00 (i.e., all Cepheids are included) already suggested the two PC relations
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are bet.er than one PC relation. The F-test result, are robust for further color cut. i.e a„ other
color-cuts show significant „on-linear,t, of the PC(nrean) relations at a period of 10 days Table 9 5
shows the sitnilar results for different a^plitude-cuts, and again the F-test results are robust with
different a„,plitude-cuts. The F-value for the PC(mean) relation which include the 3 longest period
Cepheids is 12.15, which is comparable to 9.69 when these longest period Cepheids are excluded
Therefore, the removal of the outliers with var.ous selection criteria does not influence the empirical
results presented in this chapter.
Color-cut aiopes N^ZT, F ^TfT
U.UU-5.UU 0.179 ±0.031 648 4.273 0 014
0.00-1.25 0.169 ±0.029 646 6.048 0 002
0.00-1.15 0.165 ±0.027 644 7.313 0 001
0.00-1.05 0.182 ±0.023 637 7.865 0 000
0.00-0.95 0.159 ±0.022 632 13.25 0 000
0.00-0.85 0.161 ±0.021 628 14.30 0 000
0.00-0.75 0.137 ±0.019 595 26.85 0.000
0-35-1.25 0.164 ±0.028 643 6.701 0.001
0.35-1.15 0.160 ±0.026 641 8.128 0.000
0.35-1.05 0.177 ±0.023 634 8.936 0 000
0.35-0.95 0.155 ±0.021 629 15.10 0.000
0.35-0.85 0.156 ±0.020 625 16.42 0 000
0.35-0.75 0.132 ±0.018 592 31.50 0.000
Table 9^5 -The slopes of the PC relation with different V-band amplitude (AV)-cut and the results
of the F-test. Only the Cepheids with V-band amplitude greater than the amplitude-cut are usedm the F-test. The subscripts l and .9 refer to the long and short period Cepheids. respectively
AV-cut Slopes Ns Slopei Nt F
0-20 0.154 ±0.021 628 0.343 ± 0.034 65 15:23"
0.25 0.152 ±0.021 626 0.340 ± 0.034 64 15.45
0.30 0.149 ±0.021 617 0.340 ±0.034 64 15.93
0.35 0.152 ±0.022 603 0.340 ± 0.034 64 14.78
0.40 0.143 ±0.022 587 0.341 ±0.035 63 16.83
Exclude OGLE 286532 & HV 2883
0.20 0.154 ±0.021 628 0.330 ±0.037 63 13.09
0.25 0.152 ±0.021 626 0.326 ± 0.037 62 13.35
0.30 0.149 ±0.021 617 0.326 ± 0.037 62 13.81
0.35 0.152 ±0.022 603 0.326 ± 0.037 62 12.78
0.40 0.143 ±0.022 587 0.327 ± 0.038 61 14.71
9.4 Comparisons of the LMC and Galactic PC relations
Since the properties of the PC relation (the slope and the zero-point) at mean light are the
average of the entire pulsation cycle, as shown in equation (1.2), then the non-linear LMC PC
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relation (at mean light) seen in Tan.n.ann et al. (2002), Kanbur & Ngeow (2004), Sandage et al
(2004) and Ngeow et al. (2005) could be due to the behavior of the PC relation at certain pha.es of
the pulsation (see the discussion in Chapter 1.2.1). In contrast to the LMC Cepheids, the Galactic
PC relation (at mean light) is linear (see, e.g., Tammann et al., 2003; Kanbur & Ngeow, 2004, and
Chapter 6 & 8). Therefore it is important to investigate and compare the LMC and Galactic PC
relation at various pha.es, especially at the maximum and minimum light, to find out the differences
that lead to the non-linear LMC and linear Galactic PC relation at mean light.
It is shown that the LMC PC relation at the maximum is flat for the long period Cepheids
However, the flatness of the PC(max) relation is also seen in the Galactic long period Cepheids
(Simon et al., 1993; Kanbur & Ngeow, 2004; Kanbur et al., 2004,
,
see Chapter 6 & 8 also). The
flatness of these PC relations has resulted in the non-linear behavior of the PC relation at maximum
light for both of the Galactic and LMC Cepheids, as supported from the F-test (see Chapter 6 for the
Galactic results)^ The F-test results for the PC relation at minimum light, however, are different
between the LMC and the Galactic Cepheids, where the LMC PC(min) relation is non-linear but
the Galactic PC(min) relation is not. It is possible that the minimum light behavior leads to the
non-linear LMC PC relation at mean light.
The empirical Galactic and LMC PC relations are compared in Figure 9.8. It is clear from this
figure that the PC(max) relations are broken, as the PC(max) relations are flat for the long period
Cepheids but not for the short period Cepheids. At minimum light, both of the Galactic long and
short period PC relations are consistent and agree with each other, leading to a linear PC(min)
relation across the entire period range. However the slope of the LMC PC(min) relation is shallower
for the short period Cepheids than the long period Cepheids, which leads to the non-linearity of the
PC(min) relation. A similar situation is also occurs for the mean light PC relation.
To further investigate the non-linear PC relation at mean light for the LMC Cepheids and the
diff-erence between the Galactic and LMC PC relation, we calculated the multi-phase PC relations
from phase zero to one. This is done by shifting the fitted light curves from Fourier expansion
(equation [2.2], with the same to in V- and I-band) to a common starting epoch. A convenient
choice of this epoch is the (V-band) maximum light. The phase that corresponds to the V-band
''Note that although the flatness of the PC(max) relation occurs at log(P) ~ 0.8 for the Galactic Cepheids, as
suggested in Chapter 8 and in Kanbur et al. (2004), the period cut of log(P) = 1.0 will be used to separate the long
and short Galactic Cepheids in this chapter, in order to be consistent with the LMC data.
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ions
maximum light^ denoted as ^^a., can be obtained from the fitted V-band light curves. Then, the
light curves in both V- and I-band can be phase-shifted according to the following relations:
(/)fc(new) = 2nk^rnax + Moid), (9.1)
where <^fe(old) are from equation (2.2). Hence, the zeroth phase of the new light curves corresponds
to the (V-band) maximum light. Since the Cepheid light curves are skew-symmetric with slow
declination from maximum to minimum, the phase of minimum light is located roughly in between
phases ~ 0.6 and ~ 0.8. Table 9.6 summarized the averages of the phase at minimum light,
from the samples.
^We assume the V-band light curve traces the luminosity curve, hence the maximum light occurs at the phase of
mmimum V-band light curve fitted from the Fourier expansion.
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corresponding to the pha.e of maximum light). This flatness of the slopes ha. extended to phase at
f
~ 0.1, then the slopes gradually increase until $ ~ 0.8 and quickly drop back to zero. In addition
the slopes of the long period LMC PC relation are generally steeper (larger values) at most pha.es
than the Galactic counterparts. For the short period Cepheids, the slopes of both Galactic and LMC
PC relations stay nearly constant at most phases except around ^> ~ 0.0 and $ ~ 0.8. Note that the
slopes for both Galactic and LMC short period Cepheids also approach zero at $ ~ 0.8 (Galactic:
slope=0.091 ± 0.065 at $ ^ 0.80; LMC: slope= 0.031 ± 0.022 at $ ^ 0.84) . However, the plots of the
PC relation around $ ^ 0.8 (see lower-left panel of Figure 9.12) show that the short period LMC
PC relation is indeed nearly flat around this phase, but the short period Galactic PC relation can
be broken further into two PC relations with a break at log(P) ~ 0.8. The short period Galactic
PC relation has a positive slope for log{P) < 0.8 and a negative slope for 0.8 < log(P) < 1.0, hence
the overall slope is close to zero as seen in the lower panel of Figure 9.9. This behavior of $ ~ 0.8
seen in the short period Cepheids is a new observational feature that has not be reported in the
literature before. In contrast to the long period PC relations, the short period Galactic PC relations
have steeper slopes than the LMC counterparts at all phases.
To further compare the difference between the Galactic and the LMC PC relations, the difference
of the slopes for long and short period PC relations (A„ope = slope^ - slope^) are plotted as a
function of pulsational phase in Figure 9.10. Even though A.iope appeared to be similar for the
LMC and the Galactic PC relations^ a careful examination of Figure 9.10 reveals that, except the
differences near phase zero, only a small fraction (about ~ 0.15 at ^' ~ 0.8) of the pulsational
phases that Asiope of the Galactic PC relations is diff'erent from the zero difference. In contrast,
the fraction of the pulsational phases that A^iope is different from A^iope = 0 (at ^) ~ 0.8) for the
LMC PC relations is ~ 0.35, much larger than the Galactic value. This results in a mean differences
of -0.034 and 0.167 for the Galactic and the LMC PC relations, respectively, which in part leads
to a non-linear LMC PC(mean) relation and a linear Galactic PC(mean) relation. Note that the
deviations near $ ~ 0.0 are due to the flatness of the PC relations for the long period Cepheids at
this phase, which do not really affect the mean light PC relation.
Finally, the F-tests are applied to the Galactic and LMC multi-phase PC relations. The plots
of the F-values as a function of phase are presented in Figure 9.11. In this figure, the dashed lines
represent the 95% confidence level (or p[F] = 0.05), corresponding to F ~ 3.0. Therefore, the F-
^Besides the similar shapes of Agiope, the amplitudes of the differences for the Galactic and LMC PC relations are
also similar, with amplitude, |Asiope(M>lX) - AgiopeCM/^)!, of ~ 0.9.
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Figure 9.10 -Difference of the slopes for the long and short period PC relation a function of phase
tor the LMC (top panel) and the Galactic (bottom panel) Cepheids. The dashed lines represent the
zero difference.
values above the dashed line indicate that the PC relation is non-linear, while the F-values below
this line mean the PC relation is linear. From this figure, it can be seen that the LMC PC relations
are not linear in most of the pulsational phases, except around $ ~ 0.15 and ^ ~ 0.95. In contrast,
the Galactic PC relations are linear in a large fraction of the pulsational phases, from 4> ~ 0.15 to
$ ~ 0.70 and again at ^> ~ 0.88. Therefore, these make the LMC PC(mean) relation to be non-
linear and the Galactic PC(mean) relation to be linear. Although the non-linearity of the Galactic
and LMC PC relations at maximum light (with large F-values) has been mentioned previously,
Figure 9.11 shows that this non-linearity extends in pulsational phases around the maximum light
in both galaxies. Further, the non-linear PC relations around 4> ~ 0.8 are not only seen in the LMC
Cepheids but also occur for the Galactic Cepheids. Again, this is another new feature that has not
been mentioned previously in the literature.
In short, the analysis performed in this section shows that:
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1. The shapes of the slopes as a function pulsational phase for the long and short period Galactic
PC relations are comparable over a large fraction of the pulsational phases.
2. The long and short period LMC PC relations are steeper and shallower that the Galactic
counterparts, respectively.
3. Long period Galactic and LMC Cepheids show a fiat PC relation near and at maximum light,
while this happens near 4> ~ 0.8 for the short period LMC PC relation.
4. The average difference between the slopes for long and short period PC relation is larger in
the LMC Cepheid than the Galactic Cepheids.
5. The LMC PC relations are non-linear at most of the pulsational phases, but the Galactic PC
relations are not.
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6. Besides the phases near maximum light, both of the Galactic and LMC PC relations are
non-linear around ^> ~ 0.8.
Although most of the discussion in this section is focused on the slopes of the PC relations, the zero-
points of the PC relations also show similar properties. The snapshots of the LMC and Galactic
PC relations at various pulsational pha.es are compared in Figure 9.12. The non-linearity with a
discontinuity or a break at 10 days for the PC relation is clearly seen at the pha.e of 0.82 for both
galaxies, as well as in most of the other pha.es for the LMC PC relations. The Galactic PC relation
at 4> = 0.82 (and ^> = 0.0) hints there is another discontinuity at log(P) . 0.8, however the detailed
investigation is beyond the scope of this chapter.
9.5 Methods and LMC Models
The stellar pulsation codes, which include a 1-D turbulent convection recipe (Yecko et al., 1998),
used to construct the LMC models are the same a. in Chapter 8. Briefly speaking, the codes take the
mass (M), luminosity (L), effective temperature {T^jj) and chemical composition {X,Z) as input
parameters. The chemical composition is set to be (X,Z) = (0.70,0.008) to represent the LMC
hydrogen and metallicity abundance (by mass). The mass and luminosity are obtained from the ML
relations calculated from evolutionary models. The T^jj are chosen to ensure the models oscillate in
the fundamental mode and located inside the Cepheid instability strip. The pulsation periods for the
models are obtained from the linear non-adiabatic analysis (Yecko et al., 1998). All other parameters
used in the pulsation codes, including the a parameters for the turbulent convection recipes, that
were used in the Galactic models are kept the same when constructing the LMC models, with the
only "variable" parameter being the metallicity. The only difference between this study and Chapter
8, besides the metallicity, is the value set for the artificial viscosity parameter, C,. In this study, we
set Cq = 16.0 for the LMC models to improve the shape of the theoretical light curves, in contrast
to the value of 4.0 used for the Galactic models.
In Chapter 8, the ML relations are adopted from Chiosi (1989) and Bono et al. (2000c). In order
to be consistent with previous chapter, the ML relations used in this chapter will also be adopted
from these two sources. However, Chiosi (1989) only provided two ML relations, one for Z = 0.20
which are used in Chapter 8, and another one for Z = 0.001. Hence we have to adopt the second
ML relation for the LMC models. Even though the LMC metallicity is higher than Z = 0.001, the
LMC is still considered as a low metallicity system in the literature. Hence the Chiosi (1989) ML
relation can be approximately applied for the LMC models. In summary, the ML relations used are:
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Similarly for the growth a"
,
tth of the
-^^^^
" ^^^P^^-^^y-
is in K and the period is t d.ys '"^ ^ol- units, the temperature
^71ML Relation from Bono et al. (2000c;
11.0 4.375 5050 46.4155 0.124 28 98 -0 118
10.0 4.236 5100 35.6727 0.091 22.92
-0093
9.50 4.161 5250 28.2406 0.094 18.68 -0 046
9.10 4.099 5260 25.3960 0.082 16.92
-0042
8.75 4.042 5310 22.3804 0.076 15.07 -0 027
8.40 3.982 5380 19.3886 0.071 13.20
-0008
7.95 3.902 5330 17.7750 0.055 12 09 -0 027
7.00 3.717 5410 12.6085 0.035 8.722 -0 018
6.55 3.620 5490 10.2940 0.031 7.183 -0 006
6.40 3.587 5485 9.81474 0.027 6.853 -0 010
6.00 3.493 5510 8.37226 0.020 5.866 -0 014
5.90 3.468 5500 8.12498 0.017 5.691 -0 018
5.80 3.443 5525 7.69466 0.017 5.400 -0 015
5.70 3.418 5560 7.23505 0.017 5.090
-0.009
5.30 3.312 5600 6.01283 0.012 4.244
-0.009
ML Relation from Chiosi (1989)
7.20 4.272 5380 40.2561 0.275 24.51 -0 162
6.80 4.192 5380 35.4374 0.264 21.91 -0 122
6.20 4.063 5410 28.2629 0.225 17.94 -0 076
5.95 4.005 5420 25.6378 0.211 16.43 -0 060
5.40 3.869 5510 19.4314 0.170 12.82 -0.015
5.15 3.803 5510 17.5523 0.160 11.66
-0.007
4.65 3.660 5490 14.3143 0.131 9.611
-0.010
4.20 3.518 5510 11.3659 0.101 7.729 -0.011
4.00 3.450 5545 10.0011 0.089 6.854 -0.005
3.95 3.432 5540 9.77393 0.085 6.701 -0.008
3.80 3.378 5550 8.94637 0.075 6.157
-0.009
3.70 3.341 5575 8.31297 0.070 5.745 -0.005
3.65 3.322 5570 8.10751 0.066 5.605 -0.008
3.60 3.302 5530 8.09994 0.058 5.583 -0.022
3.60 3.302 5600 7.71463 0.065 5.352 -0.001
1. ML relation given in Chiosi (1989):
log(L) = 3.22 log(M) + 1.511. (9.2)
2. ML relation given in Bono et al. (2000c):
log(L) = 0.90 + 3.35 log(M) + l.36 log(y)- 0.34 log(Z),
= 3.35 log(M) + 0.886. (9.3)
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The units for both M and L are in Solar unit. Note that these two ML relations cover reasonable
broad L/M ratios given in the literature. The input parameters for the LMC n.odels with these ML
relations and the periods calculated from linear non-adiabatic analysis are given in Table 9.7.
After the full amplitude models are constructed from the pulsation codes, the temperature and
the opacity profile can be plotted in terms of the internal ma.s distribution (iog[l - M./Mi where
M. is mass within radius r and M is the total ma.s) at a given pha.e of pulsation. As in Chapter 8
the locations of the HIF (sharp rise in the temperature profile) and photosphere (at optical depth
T = 2/3) can be identified in the temperature profile. To quantify the HIF-photosphere interaction
(if the photosphere is next to the base of the HIF or not, see also Chapter 8.3.3), we calculate
the "distance", A, in log(l - M./M) between the HIF and the photosphere from the temperature
profile. The definition of A can be found in Figure 8.9. A small A means there is HIF-photosphere
interaction, and vice versa.
The theoretical quantities from the models can be compared to the observed quantities using the
following prescriptions:
1. As in Chapter 8, we use the BaSeL atmosphere databaije (Lejeune, 2002; Westera et al., 2002)
to construct a fit giving temperature and eff-ective gravity as a function of (K - /) color. The
effective gravity is obtained at the appropriate phase from the models. These prescriptions are
used to convert the temperatures to the {V - 1) colors. The bolometric corrections {BC) are
obtained in a similar manner.
2. We use the prescriptions given in Beaulieu et al. (2001) to convert the observed colors to the
temperatures appropriate for the LMC data as follows:
\og{g) = 2.62- 1.21 log(P),
log(r,//) = 3.91545 + 0.0056 \og{g) - 0.2487(K - /)o,
AT = log(re/;)- 3.772,
BC = -0.0153 + 2. 122AT- 0.02 log(^) - 11.65(AT)2.
Note that these functions are also obtained from the BaSeL atmosphere database.
9.6 Results from the Models
The effective temperatures for the full amplitude models in Table 9.7 at the corresponding max-
imum and minimum light (or luminosity) are given in Table 9.8. For the effective temperatures at
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mean light, Chapter 8 showed that the temperatures for the mean light at ascending a.d descend
ing branch of the light (or luminosity) curve are not the same, hence Table 9.9 gives the effective
temperature at these pha.es for our LMC n.odels. The layout of Table 9.9 is the san>e Table
8.3 from Chapter 8. Following Chapter 8, the locations of the photosphere can be identified in
the temperature and opacity profiles. These are done in Figure 9.13-9.15 with a log(P) > , o a
log(P)
= 1.0 and a log(P) < l.o n.odel, respectively. The left panels of Figure 9.13-9 15 are the
temperature profiles, while the right panels are the opaeity profiles. The photospheres are marked
a. filled circles ir. these figures. Finally, the plots of the A, the "distance" between the photosphere
and the HIF from the temperature profiles, a. function of pulsating periods for the LMC models
are presented in Figure 9.16 with the two ML relations used. In Chapter 8, it is found that the
distribution of A a,s a function of period is independent of the axlopted ML relation. This is also
seen in the LMC models as shown in Figure 9.16.
Figure 9.13-9.15 arul Figure 9.16 show that at maximum light, the photosphere lies at the ba.e
of the HIF lor all of the models. Although there is a slight deviation at some longer period models,
the location of the photosphere is close to the HIF within the error bars (which are defined a. the
coarseness of the grid points around the location of the HIF). As in Chapter 8 for the Galactic
models, the closeness of the photosphere to the ba«e of the HIF, which is almost independent of the
pulsation periods, results the flat PC relation for the long period LMC Cepheids seen in previous
sub-sections. In cai^e of the minimum light, even though Figure 9.16 shows that A{M IN) are nearly
constant across the period range and the photosphere is near the base of the HIF, a. in the case
of maximum light, A(M/yV) do show a shallow correlation with period after 10 days. Judging
from the error bars of A{MIN) and from Figure 9.13-9.15, there is tentative evidence that the
photosphere is disengaged from the HIF for log(P) > 1.0. Hence the temperatures or the colors at
minimum light follow the global properties with a steeper long period PC(min) relations^ For the
short period models, there are some indications that the photosphere is next to the base of the HIF
at both maximum and minimum light, which could produce a shallower slope of the PC relation as
compared to the long period counterparts. Furthermore, the observational data, as shown in lower
panel of Figure 9.9 and in Figure 9.12, suggest that the photosphere is engaged with the HIF at
<I> ~ 0.8 with a Hat PC relation. This phase is close to the minimum light an shown in Table 9.6 (the
average of the phases at minimum light for short period LMC Cepheids is 0.74). The right panels
of Figure 9.16 show that the behaviors of A-log(P) plots at mean lights seems to be the mixture
^The slopes of the A-log(P) relation may not be correlated with the slopes of the VC relation
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Table 9.8
-Temperatures at maximum and minimum light frnm f„ii v. ^
T T
ML Relation from Bono et al. (2000c)
46.4155 27481.28 5445.00 18329.74 4826 00
5434.01
5502.35
5562.28
5615.34
5687.98
5561.39
5528.15
5537.42
5518.39
5596.34
5581.53
5602.37
5639.03
5669.57
ML Relation from Chiosi (1989)
23500.98 5821.99 11853.38
5830.18
5875.98
5884.01
5985.21
5921.07
5783.01
5814.49
5817.00
5801.77
5798.30
5794.49
5780.35
5723.18
5805.49
35.6727
28.2406
25.3960
22.3804
19.3886
17.7750
12.6085
10.2940
9.81474
8.37226
8.12498
7.69466
7.23505
6.01283
40.2561
35.4374
28.2629
25.6378
19.4314
17.5523
14.3143
11.3659
10.0011
9.77393
8.94637
8.31297
8.10751
8.09994
7.71463
19742.83
16894.15
14460.62
12772.75
11263.84
9034.392
5637.467
4371.170
4004.569
3217.688
3032.639
2864.745
2705.430
2105.589
19604.60
14661.29
12836.04
9538.226
8035.700
5490.345
3850.971
3286.030
3136.139
2738.003
2499.416
2374.713
2235.292
2271.393
14321.20
12093.99
10570.70
9283.257
8143.460
7044.743
4800.840
3839.001
3580.396
2929.354
2793.441
2640.439
2490.271
1986.586
4962.65
4978.72
5010.85
5069.43
5145.20
5147.04
5278.11
5377.80
5383.61
5437.17
5438.96
5467.54
5504.98
5567.91
9898.124
7659.896
6916.299
5555.179
4947.967
3639.964
2722.473
2377.950
2301.751
2071.106
1917.696
1850.048
1796.586
1772.270
4947.11
4962.26
5057.96
5108.02
5303.60
5142.58
5164.11
5242.47
5300.52
5296.73
5331.19
5365.34
5369.40
5355.41
5408.34
of the behavior at maximum and minimum light, although the A for the ascending and descending
means follow the maximum and minimum light, respectively.
The temperature profiles from the Galactic and the LMC models are compared in Figure 9.17
at maximum and minimum light. The upper panels of Figure 9.17 show that at maximum light,
the photosphere is not far from the base of the HIF in both of the Galactic and the LMC models.
In contrast, the photosphere is further away from the HIF in the Galactic models than the LMC
models at the minimum light. The plots of the A-log(P) relation from the Galactic and LMC
models at maximum and minimum light are also compared in Figure 9.18. It can be seen from the
figure that at maximum light, the behavior of both Galactic and LMC models are similar, where the
photosphere are near the base of the HIF. At minimum light, the long period models show that the
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Table 9.9
-Temperatures at mean light from full-amnlifnrio . i-
for the meanings of < L > L T «L r'nTr^ "^^-''^e^'" "^^^el calculations. See text
in days, and K, respectiveTy""' '""^'""^ity and temperature are
P =
46.4155
35.6727
28.2406
25.3960
22.3804
19.3886
17.7750
12.6085
10.2940
9.81474
8.37226
8.12498
7.69466
7.23505
6.01283
40.2561
35.4374
28.2627
25.6378
19.4314
17.5523
14.3143
11.3659
10.0011
9.77393
8.94637
8.31297
8.10751
8.09994
7.71463
< L >
24249.2
17207.7
14484.7
12540.8
10997.1
9587.02
7983.35
5208.60
4170.31
3860.04
3109.66
2939.41
2775.73
2618.53
2051.97
18754.3
15896.6
11157.8
10388.8
7743.89
6538.19
4564.83
3289.17
2811.35
2702.54
2385.34
2189.29
2094.38
2004.90
2004.07
'^meanjaac) Tmean(asc) Lj, i(rfes)
24423.695
17078.471
14466.869
12461.087
10996.587
9560.1922
7988.5457
5208.1564
4162.1135
3861.4313
3106.7337
2935.0599
2775.1245
2620.1965
2050.8394
18580.019
15885.248
11188.594
10366.128
7741.3087
6537.3819
4621.4163
3288.4584
2823.6619
2712.0209
2395.4576
2193.3351
2103.6034
1998.5077
2009.2157
ML Relation from Bono et al
5330.06 24282.129
Tmean (des)
(2000c)
4882.55
4922.99
5073.65
5096.58
5157.95
5232.85
5213.83
5349.00
5450.34
5446.51
5481.59
5476.34
5501.67
5534.39
5583.97
5293.90 17188.051
5457.79 14529.348
5443.66 12544.735
5493.44 11039.123
5545.87 9618.0583
5473.94 7994.9159
5493.34 5202.6440
5560.81 4174.0993
5556.01 3852.8715
5570.85 3110.1806
5553.67 2939.6504
5581.66 2777.4057
5620.29 2618.8674
5646.29 2051.3277
ML Relation from Chiosi (1989)
5704.60 18824.542 5144.86
5749.07 15861.179 5147.12
5692.54 11143.155 5111.26
5782.33 10358.696 5184.81
5871.14 7750.7288 5332.20
5833.02 6532.0823 5310.84
5750.64 4565.7876 5280.59
5711.02 3281.3799 5328.36
5726.94 2800.7972 5376.66
5715.81 2692.4263 5378.63
5704.28 2388.3903 5412.32
5708.03 2188.7842 5448.47
5698.27 2093.0120 5449.90
5648.26 1999.8838 5419.02
5713.42 2004.9007 5490.38
'
r^S^g^n^ (age)
5319.42
5305.14
5459.55
5452.77
5493.51
5549.58
5473.06
5493.36
5564.43
5555.34
5572.55
5556.38
5582.05
5619.15
5647.27
5718.84
5750.16
5688.21
5785.59
5871.60
5833.20
5732.80
5711.31
5721.20
5711.29
5699.14
5705.90
5693.36
5651.76
5710.72
T^WZ (des)
4880.66
4924.47
5069.64
5096.18
51,52.87
5228.51
5211.77
5350.84
5449.06
5449.11
5481.37
5476.23
5500.77
5534.20
5584.50
5141.42
5158.63
5112.18
5188.79
5330.76
5312.28
5280.34
5331.32
5381.50
5383.51
5410,62
5448.80
5450.83
5422.70
5489.80
photosphere is disengaged from the HIF, while the behavior of the short period models are different
between the Galactic and LMC models. The photosphere of the short period LMC models seems to
be located closer to the HIF at minimum light, but it is not the case for the short period Galactic
models. This could lead to shallower slopes of the PC(min) relation seen in the LMC Cepheids as
compared to the Galactic counterparts. In short, there is some tentative evidence from the models
that the LMC long period Cepheids behave like the Galactic Cepheids, while the short period LMC
Cepheids behave like the RR Lyrae stars at the minimum light. However, these findings are still not
conclusive (see below).
Several theoretical quantities from the models can be compared with the observational data. This
includes the pulsation periods, the V-band amplitudes and the Fourier parameters, the temperatures
and colors at the maximum, mean and minimum light. These are the PC plots, the AC plots, the
period-temperature plots and the Fourier parameters plots. The temperatures in Table 9.8 & 9.9,
after conversion to the {V - I) colors as mentioned in previous section, are superimposed along
with the observed LMC PC relations as plotted in Figure 9.19. Similarly, Figure 9.20 show the same
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quantities but,
... i hr l(>g(7>log(y') plane with tiu- observed (V-I) rnlnr«u trvea^v co o s converted to temperaturoH
u.ng the prescriptions
.iven in Section 9... Ti.e theoretical bolon.etric light curves are converted to
the V-band light c.rves with the bolon.etric <.rreetion. <.btained Iron, the BaSeL datable n.entioned
previously. Kron. the theoretical V-..,..
,igh.,
..^ves, the amplitudes can be estimated and these
are plotted in Figure 9.2, along with the colors from models to compare with the en.pirical AC.
relations. The Fourier parameters, obtained Iron, equation (2.2), of the theoietical V-band light
curv(;s car. also be obtaintnl with n = 6 Fourier exoansinn The., ir •. p on. These Fourier parameters are compared
with the observational data in Figure 9.22. Several features are noticed fro.n Figure 9.19-9.22:
1. The general trends of the models qualitatively match the observational data.
2. The models with the Mb relation iron. Chiosi (1989), with low,.- L/M ratio, seems to match
the observations better. These mo.lels also ter.d to lie near the envelops of the !>(:, AC,
log(T)-log(/^) an,l A,{V}.\og{P) relations defined by the observatior.al
.lata.
3. The slopes of the period-color (or ,)eriod-temperature) relations at maxin.un. and minimum
light f,-om the models roughly match the observational data, i.e., the th(-oreticai PC(max)
relation is approximately flat but there's a relation at the n.inin.u... light.
4. The temperatures from the models with Bono et al. (20()()c) ML relation is cooler (hence
redder) thar. the models with Chiosi (1989) ML relation a>.d th(> observed data at, n.aximum
light,. In contra.st, the temperatures (or the colors) from l\w. models with these two ML relations
coincide and are consistent with each other, and they are located near the blue edge of the
observed data at minimum light.
5. The means at the descending branches are in better agreement with the observed data than
the means at the aacending branches. This is because the observed means, {V - 1)^^'"""""^ are
obtained mostly from the descending branches.
6. The amplitudes of the theoretical light curves (in both of the boiometric and V-band light
curves) are smaller than the observations at given period, especially lor the n.odels with ML
relation from Bono et al. (2000c). These can be seen from tlie AC relations as given in Figure
9.21 and the left panels of Figure 9.22.
Overall, some agreements and disagreements are found between the theoretical quantities and the
observational data. It is also found out that, there are some minor problems associated with the
pulsation codes when the LMC models are constructed, which include the smaller amplitude of
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the model light curves and the cooler temperatures «f ih.at the maximum light (especially with Bono
et al. 2000c ML relation). PVom equation (0.1), a lower amplitude implies that the temperature
at maximum light should be cooler, hence these two problems are not independent. Varying other
parameters in the pulsation codes, including the . parameters, does not improve the situations
Given that there are some successes of using the codes in Chapter 8 for the Galactic models and
the codes have been used in several papers (Kollath et al., 1998; Feuchtinger et al., 2000; Beaulieu
et al., 2001; Buchler et al., 2004), we believe that the qualitative nature of the photosphere-HIF
interactions a. shown in Figure 9.16 and 9.18 still hold. This is in part because Figure 9 16 & 9 18
suggest that the behaviors of A as function of periods are nearly independent of amplitudes a.
the models with Chiosi (1989) ML relation have higher amplitudes (although still smaller than the
observations) than the models with Bono et al. (2000c) ML relation. However, better codes that fix
these problems or the 3-D convection codes are needed to fully investigate the physics behind the
non-linear LMC PL and PC relations in the future (see Chapter 10.2).
9.7 Conclusion and Discussion for this Chapter
Using the updated Cepheid data from the OGLE database, supplemented with some longer period
Cepheids from Moffett et al. (1998) and Barnes et al. (1999), we have derived the new empirical
relations for the LMC Cepheids after various selection criteria. F-statistical test are applied to these
empirical relations to test their non-linearity at a period of 10 days. The results from the F-test
strongly suggest that the LMC PC, AC and PL relations are non-linear at maximum, mean and
minimum light, except for the LMC PL relation at maximum light. The high-quality data for the
Galactic and LMC Cepheids allows the detailed study and comparisons of the PC relations as a
function of pulsational phase. It is found out that the slopes of the LMC PC relations are steeper
and shallower than the Galactic counterparts for the long and short period Cepheids, respectively.
Further, the Galactic PC relations are linear over a large range of pulsational phases, except at/near
phase of maximum light (with ^ = 0.0) and at 4> ~ 0.8. In contrast, the LMC PC relations are
non-linear at most of the phases. These different behaviors have lead to the non-linear LMC PC
relation and the linear Galactic at mean light. In addition, the non-linear PC relations at $ ~ 0.8
seen in both of the Galactic and LMC Cepheids are new features that has not been reported in the
literature before. In fact, the non-linear PC relation at 4> ~ 0.8 might be the largest contribution
for the non-linear LMC PC relation seen at mean light.
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The interaction between the HIF and photosphere at various phases, especially
and minimum hght, is attempted to account for the non-linear LMC PC relation. This is done by
constructing the pulsation models for the LMC Cepheids with the same stellar pulsation codes a.
used m Chapter 8. The ML relations are also adopted from the same sources as in Chapter 8 which
include the Chiosi (1989) and Bono et al. (2000c) ML relations. Following Chapter 8, the "dista.ce"
(A) between the photosphere and the HIF in temperature profiles is estimated. The plots of the
A-log(P) relation from the Galactic and the LMC models are compared. The behavior of A
maximum light are similar in both of the Galactic and LMC models, where the photosphere is
the base of the HIF in large range of the periods. This leads to a fiat PC(max) relation seen
the long period Galactic and LMC Cepheids. While at minimum light, the LMC models suggest
that the photosphere is disengaged from the HIF for the long period Cepheids, which is also seen
in the Galactic models. This makes the effective temperature at the photosphere follows the global
PC relation appropriate for the long period Galactic and LMC Cepheids. However there are some
indications that the photosphere is near the HIF for the short period LMC models, in opposite to
the Galactic counterparts. This could force the short period LMC Cepheids to have shallower slope
of the PC(min) relation.
Due to small number of LMC models, it is impossible to derive the theoretical PC, AC and
PL relations and compare directly to the empirical relations. However, these LMC models can be
qualitatively compared to the observations by converting some physical quantities to the observable
quantities and vice versa, such as the temperature-color conversion. These comparisons were done
with the PC, AC, period-temperature relations at maximum, mean and minimum light, as well as
the comparisons of the Fourier parameters from theoretical light curves with observations. The
theoretical quantities from the models generally agree with the observations, but it is found out that
these models tend to have smaller amplitudes and (hence) the temperature is cooler at maximum
light than the real Cepheids. Nevertheless we argued that the qualitative nature of the photosphere-
HIF interaction is not serious affected with these minor problems.
Finally, as mentioned in previous chapters, the behavior of the PC relations will affect the PL
relations. This can be seen from Figure 9.23, where the F-test results as a function of phase are
compared between the LMC PC and PL relations. From this figure it can be seen that the non-
linearity of the PC relation traces the non-linearity of the PL relations at most of the phases except
near ^> ~ 0.0 (corresponding to the maximum light). The discrepancy near ^> ~ 0.0 is due to the flat
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PC relafon at maximum light for the long period Cepheids«. The plots of the LMC PL relations at
vanous phases (same a. in Figure 9.12) are presented in Figure 9.24. The non-linearity of the LMC
PL relations at certain phases is clearly visible from this figure, especially at $ = 0.82.
In conclusion, the steeper and the shallower slopes for the long and short period LMC Cepheids,
a. compared to the Galactic counterparts, have made the LMC PC, and hence the PL, relation to be
non-linear at mean light. The photosphere-HIF interaction could be accounted for the behavior of
the PC relations at certain pha.es, such a. the long period LMC Cepheids at maximum light (which
behave like Galactic Cepheids) and the short period LMC Cepheids at/near minimum light (which
behave like RR Lyrae stars). At these phases, the photosphere is engaged with the HIF (where the
photosphere locates next to the base of the HIF) that produce a flat PC relation, a. seen from the
observational data. In other phases, the photosphere is disengaged from the HIF and follows the
global properties of the Cepheids. The detailed study of the multi-phase PC relations, as presented
in Section 9.4, suggested that the non-linear nature of the LMC PC relation is more complicated
than the HIF-photosphere interactions at maximum and minimum light. In other words, the HIF-
photosphere interactions at maximum and minimum light probably only partially account for the
non-linearity of the LMC PC relation. The global properties of the Cepheids at various phases of
the pulsation, such as the metallicity dependency of the PC relations, and other factors could also
play an important role in the non-linear LMC PC relation. It is desired to use better codes with
more models to fully investigate the physics behind the non-linear LMC PC relation in the future.
®If the PC(max) relation is not flat for the long period Cepheids, then we expect the F-test results near 4> ~ 0.0
would not show any non-linearity.
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fl^
t^-^Perature (left panel) and the opacity (right panel) profiles for a long periodLMC model The dotted, solid and dashed curves are for the profiles at maximum, mean andmmimum light, respectively. The filled circles are the location of the photosphere at r = 2/3 for
each phases. The mean light profiles at the ascending and descending branch are the solid curves
that he close to the profiles at maximum light (dotted curves) and minimum light (dashed curves)
respectively. ' '
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Figure 9.14 -Same as Figure 9.13, but for a 10-days period LMC model.
172
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Figure 9.15 -Same as Figure 9.13, but for a short period LMC model.
loO(P)
log(P)
loj(P)
Figure 9.16 -The plots of A as function of log(P). The open and soHd squares are the models
calculated with Bono et al. (2000c) and Chiosi (1989) ML relation, respectively. The dashed lines
represent (roughly) the outer boundary of the HIF.
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Figure 9.17 -Comparisons of the temperature profiles between the Galactic and LMC models atmax.mum (upper panel) and minimum (lower panel) light. The solid and dashed curves'epr enthe temperature profiles from the Galactic and the LMC models, respectively. The left Td r ghpanels are for the short and long period models, respectively, with the periods labelled a tTe uppe
oL?on""f\h .
the Galactic models) and open (for the LMC models) circles are thlocations of the photosphere in these models.
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Figure 9.18 -Comparisons of the A-log(P) plots between the Galactic (left panel) and the LMC
(right panel) models at maximum (top panel) and minimum (bottom panel) light.
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log(P) " '
loa(P)
Figure 9.19 -The LMC PC relation, with the results from the models. The crosses are the observed
cLver ed to he r1/ n
^-
relation respectively. The temperatures of the models are
mTnlml li.hf rL 1 rpp"', P^"^'^ relations at maximum and
ZnTrv, ^ , ^ . ••gh^ of the ascending and descendingmeans. The mean colors for the observed data are the {V - 7)^^--" as given in Figure94^
Figure 9.20 -The plots of Iog(T)-log(P) relations for the LMC data and models. The symbols are
the same as in Figure 9.19. The conversion of the (K - /) colors to the temperature are done using
the equations given in Beaulieu et al. (2001). Left panel: log(jr)-log(P) relations at maximum and
minimum light. Right panel: log(T)-log(P) relations at mean light for both of the ascending and
descending means.
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Figure 9.21 -The LMC AC relations with the resuhs from the models. The crosses are the observed
r t Znn T ^T^^u" ^^^^^^^ ^he models calculated with Bonoet al. (2000c) and Chiosu 1989) ML relation, respectively. The bolometric light curves from models
are converted to V-band light curves with the BC obtained from the BaSeL database. Left panel-AC relations at maximum and minimum light. Right panel: AC relations at mean light for both of
the ascending and descending means. The mean colors for the observed data are the (V - /)Phmean
as given in Figure 9.5. °
0.25
0.2
; 0,15
0.1
005
0
1
'
'
—
1 . T
•
1
^^^^';
.
'" 1.
"
—
\
—
1
—^ 1 ' 1 1 1 1
_ 05 1
1
1
1
1,5
/ .
M * - ' •
/""'".^
.
."
'
'
"
'
"'
.
'
1
0.6 1
k)9(P)
1,5
0^
log(P)
Figure 9.22 -The Fourier parameters as function of periods for the LMC observational data (crosses)
and the models, where open and solid squares represent the LMC models calculated with Bono et
al. (2000c) and Chiosi (1989) ML relation, respectively. Upper Left: Plot of >li vs log(P). Lower
Left: Plot of A2 vs log(P). Right: Plot of (^21 vs log(P).
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Figure 9.23 - Comparison of the F-values for the PL and PC relation as a function of phase. The
daslied hues repr(>sent the 95% confidence level (or p[F] = 0.05), corresponding to F ~ 3.0. Hence,
the F-valucs above the dashed line indicate that the PL/PC relation is non-linear, while the F-values
below this line suggest the PL/PCJ relation is linear.
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Figure 9.24 -Comparisons of the LMC V- and I-band PL relations at various phases.
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CHAPTER 10
CONCLUSION AND FUTURE WORKS
In the final chapter of this Thesis Dissertation, we outhne the main results from this Thesis
Dissertation and some of the related future works.
10.1 Conclusion of this Thesis Dissertation
The aim of this Thesis Dissertation is to investigate the non-linearity and/or the non-universality
of the Cepheid PL relations. The non-linear of the Cepheid PL relation, i.e. there are two PL
relations with discontinuity at 10 days, is seen in the LMC Cepheids and it is because the LMC
PC relation is also non-linear. These investigations have been conducted with two approax:hes: (a)
empirical and statistical analysis of the existing observational data; and (b) constructing stellar
pulsation models with existing pulsation codes.
To empirically study the non-linearity of the Cepheid PL and PC relations, it is not only desired
to analyze the data in terms of the mean magnitudes, conventionally used, but also at other
phases such as the maximum and minimum light. To improve the light curve fitting method, we
developed the Fourier expansion procedures with simulated annealing techniques and the Fourier
interrelations, which can also be applied to the sparsely populated HST d&ta. The HST dat& have
been used to calibrate the Cepheid distances to about two dozen galaxies with both the LMC and
Galactic PL relations. This is because the idea of the non-universality of the Cepheid PL relation
has emerged when I began my thesis work. To improve the Galactic PL relation and further to test
the non-universality of the PL relation, independent distances to 50 Galactic Cepheids were collected
to calibrate the Galactic PL relation and a statistical test was performed to show that the Galactic
Cepheids follow a different PL relation to their LMC counterparts. This is the first evidence from a
statistical test that the empirical Cepheid PL relation is not universal.
The non-linearity of the LMC PL relation is due to the non-linear period-color (PC) relation
observed in the LMC Cepheids. The photometric data of the Galactic, OGLE LMC and SMC
Cepheid were used to study the PC relation not only at mean light, but also at maximum and
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m^nimu. light. We apply the F-statistical test to exam.ne the significance of the break at 10 days
mean and nnnirnum light. However it is only broken at maximum light for the Galactic PC relation
and marginally for the SMC PC(min) relation. The tests to the LMC PL relations also show the
PL relations are broken at mean and minimum light, and marginally at maximum light. Again, this
.s the first evrden^ from rigorous statistical tests that the empirical LMC PC and PL relations are
not linear. Since the previous study of the non-linear LMC PL relation is based on the OGLE data
the non-linear V-band LMC PL relation is further verified with the MACHO data. The study of the
non-linear LMC PL relation is also extended further to the near infrared bands with 2MASS data
The effect of the non-linear PL and PC relation on the distance scale applications is found that
this effect is minimal (with a difference of < 0.07mag. in distance modulus), but it is important for
the studies of stellar pulsation and evolution. A working hypothesis for the non-linear PC relation
is the interaction between the hydrogen ionization front (HIF) and the photosphere, which can
alter the slope of the PC relation. Hence we have run a sequence of Galactic models using the
existing pulsation codes to investigate the connection between the HIF-photosphere interaction and
the flatness of the PC relation. The Galax:tic models have confirmed the flatness of the PC relation
at maximum light is due to this HIF-photosphere interaction.
Comparisons of the multi-phase PC relations between the Galactic and LMC Cepheids show
that there are some difference between the Galactic and LMC PC relations, which lead to the
observed linear Galactic and non-linear LMC PC(mean) relations, respectively. The LMC models
provide some tentative evidence that the non-linear LMC PC relation is due to the fact that the
photosphere is engaged with the HIF for short period LMC Cepheids but disengaged for the long
period LMC Cepheids. However, other factors could also affect the non-linearity of the LMC PC
relations. Even thought it is needed to wait and use the improved stellar pulsation codes to finally
draw the conclusion for the physics behind the non-linear LMC PC and PL relation, the works
done in this Thesis Dissertation have established the firm foundation (both empirical evidence and
theoretical modeling) to further understand and tackle the problems of the non-linear PC and PL
relations.
10.2 Future Works
To further understand and characterize the non-universality and non-linearity of the Cepheid PL
relation, we plan to conduct the following studies:
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A. Empirical/Observational Studies: Current work on the break for the PL and PC relations
is ba^ed on the Galactic, LMC and SMC Cepheids (Kanbur & Ngeow, 2004). We will expand
the sample to include more galaxies that span a much wider range of metallicity, and an
observational program using the ground-based telescopes will be constructed for this purpose.
There exist some high quality photometric data^ets that are available in the literature. For
example, IC1613 from the Optical Gravitational Lensing Experiment; NGC300 & NGC6822
from the Araucaria Project; and M31 k M33 from the DIRECT Project. These data^ets
need to be analyzed in the context of PL, PC and amplitude-color relations, as in Kanbur k
Ngeow (2004), in order to investigate the non-universality and non-linearity of the Cepheid
PL relation. In addition, it is vital to have another galaxy with metallicity close to the LMC
value, to see if there is a corresponding break for this galaxy. Our target galaxy is IC4182,
and we have proposed a HST-ACS Cycle 14 observation, because this galaxy is nearby, face-on
and has a metallicity close to LMC.
B. Theoretical Studies: The pulsation codes that are currently used have to include a 1-D recipe
to model the time dependent 3-D turbulent convection. This recipe contains some dimension-
less parameters related to important physical quantities (Yecko et al., 1998). These parameters
are carefully chosen based on observational constraints and physical reasons. An extension of
the project is to use the extensive observational data to better constrain or calibrate these
parameters. Furthermore, a 3-D convection model will be constructed with existing codes
(ZEUS-MP, Norman, 2000), in order to access the accuracy of using the 1-D recipe in stellar
pulsation models.
As mentioned in Chapter 4, the Galactic PL relation from pulsational studies does not agree
with the empirical results. Therefore, we plan to construct Galactic pulsation models with the
full 3-D convection models and/or use the better calibrated parameters in the 1-D recipe, and
compare them to the observations. We can also construct the models that are relevant to the
LMC, as there are some minor problems associated with the current 1-D pulsation codes (see
Chapter 9.6 for details), or even to the lower metallicity galaxies. This will allowed the detailed
investigation on the non-linear and non-universal nature of the PL relations from pulsation
modeling. Beside these, an additional outcome from this study is that we can compare the
theoretical My- and M/-band light curves (for given period) to the //5jrobserved extra-galactic
Cepheids. This allow us to directly obtain the distances to the target galaxies independent of
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the adopted LMC distance: this is one „, the ,a,gest systematic errors in the distance scaie
and circumvents a number of steps in the distance ladder.
The theoretical works mentioned above are not only benehcal to the study of Cepheid variables
but also can be extended to study other types of pulsational variables such a. RR Lyrae and
Type II Cepheids.
Finally, after the«e problems for the Cepheid PL relatior^s are solved, one application of the
improved PL relations is the re-calibration of the distances to Type la and II supernovae that can
be used to estimate the Hubble constant.
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APPENDIX A
^Opportunities of comparing two primary distance indicators are rare. The discovery of SN
1999em in NGC 1637 provides such opportunity to compare the Expanding-Photosphere Method
distance and the Cepheid distance for the first time. The EPM distance to SN 1999em has been
measured by three independent groups, with the average value of D,,„ = 7.86± 1.57(random)Mpc.
Using Hubble Space Telescope Cycle 10 observations of NGC 1637, we have discovered several dozen
Cepheid variable stars, and derived Z^ce^.e.. = 11.33 ± 0.21 ± l.lOMpc. This represents the first
direct comparison between the EPM applied to a well-observed, spectrally and photometrically
normal, SN II-P and the distance determined through Cepheid variables. The result shows that the
Cepheid distance is 44% greater than the EPM distance.
A.l Introduction
Opportunities to directly compare distances estimated by two primary extra-galactic distance
indicators are rare. The discovery of SN 1999em allows the comparison of the EPM (Expanding-
Photosphere Method) distance to the supernova (SN) and the Cepheid distance to its host galaxy,
NGC 1637 (Figure A.l), as SN 1999em is a Type Il-Plateau event (Hamuy et al., 2001; Leonard et
al., 2002; Elmhamdi et al., 2003).
The previous comparison of the EPM distance and Cepheid distance has been presented by
Leonard et al. (2002), and showed that Dcephe^d ~ Depm- However, the five SN in the sample are
either poorly observed or they are spectrally or photometrically peculiar Type-H SN. In contrast,
SN 1999em is a well-observed and normal Type-H Plateau SN. This motivated us to have the first
direct comparison of EPM and Cepheid distance. More details of this work are presented in Leonard
et al. (2003).
'Based on the talk presented in "Stellar Candles for Extra-Galactic Distance Scale" Workshop, Chile 2002.
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SN 1999em
Figure A.l
-The HST image of NGC 1637, taken ^ 2 years after the explosion of SN 1999em.
A.2 Comparisons of the Distances
1. The EPM Distance: The ba.ic ideal of EPM distance ha. been covered in Eastman et al.
(1996), Hanauy et al. (2001) and Leonard et al. (2002) and won't be repeated here. However,
a brief description of the method is presented as followed.
The EPM distance is a variant of Baade's method that used in the study of Galactic Cepheids.
In brief, the distance to the Type-II SN can be found by equating the two fundamental equa-
tions. The first equation comes from the expansion of the photosphere, where the angular size
of the SN can be expressed as:
/J Vphotit - to)
^=D = D '
where Vphot is the expansion velocity of the photosphere and to is the epoch of SN explosion.
The second equation arrives from the conservation of flux:
fx
CA(7;)27r54Te)10-0-4-4W' (^-2)
where fx is the observed flux at wavelength A, BxiTc) is the black-body at temperature Tc
(which can be obtained from the color of the SN), corrected for the extinction, io-0-4/i(A)
Because in reality the photosphere of SN is not a perfect black-body, a factor of C has to be
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included in ec„atio„ (2) to account for this deviation. C is often referred a. dilution factor, but
.on^eti^es it is also called a. distance correction factor, because = (Ea.t.an
et al., 1996).
The EPM distance to SN 1999en. ha. been measured individually by three independent groups:
D^7.5± 0.5MPC (Hamuy et al., 2001); D = S.2 ± O.GMpc (Leonard et al., 2002) and
D
= 7.8± 0.3MPC (Elmhamdi et al., 2003). The errors of these measurements are random
errors only. If combine the three measurements together, then the EPM distance to SN 1999em
is:
Depm = 7.86 ± 1.57 Mpc.
The error is taken to be 20% of the measurement because from the study of the EPM Hubble
diagram, (Hamuy, 2001) found that the error in EPM distance is about 20%. However, the
EPM distance can have uncertainty up to ~ 60%, due to theoretical uncertainty of parameter
C can have (Leonard et al., 2003). Different modelling groups can have different values of C,
but only one group, Eastman et al. (1996), published the values of C for the application of
deriving EPM distance. These values are applied by the three groups mentioned above to
derive the EPM distance to SN 1999em.
2. The Cepheid Distance: The Cepheid distance is obtained from the HST observations to
NGC 1637 {HST Cycle 10 observation). The photometry reductions are performed by using
the HSTphot reduction package (Dolphin, 2000). In order to check the reduction process and
analysis, we performed the same reduction procedures to archival data of NGC 3351 (Graham
et al., 1997), and found the Cepheid distance to this galaxy is 30.08 ±0.06mag. Compared this
distance to the Cepheid distance of 30.00 ±0.09mag., given in the final paper of HST Distance
Scale Key Project (KP, Freedman et al., 2001), the two results are in good agreement. This
comparison assured our photometric reduction and analysis are robust and reliable.
After performing the reduction and analysis, the final sample consist of 35 Cepheids in NGC
1637. These Cepheids are used to derive the Cepheid distance to the galaxy. The Cepheid
PL relations used in this study are taken from Udalski et al. (1999a), and assume the LMC
distance modulus of 18.50mag., in order to be consistent to the KP. The PL relations are:
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Mv = -2.7601og(P)- 1.458, (A.3)
M/ = -2.9621og(P)- 1.942, (A.4)
The final distance modulus ha. to be corrected for extinction and reddening, via the Wesenheit
function (Madore, 1982):
f^o = Hv ~ R{fiv ~ m), (A.5)
where R = Ay/{Ay - Aj) = 2.45. In addition, the metallicity of NGC 1637 is higher than
LMC, as the the value of 12 + \og[0/H] for this galaxy is 9.08 (Leonard et al., 2003), hence a
correction of 0.12 ± 0.12mag. is applied to its distance modulus. The final Cepheid distance
to NGC 1637 is:
Dcepheid = 11.33 ± 0.21 ±1.10 Mpc.
The systematic error includes: uncertainties in slope and zero point of PL relations, metallicity
correction, aperture correction and WFPC2 zero point correction. It is necessary to emphasize
that the total errors of Cepheid distance can have is about 10% (or less), either from this work
or from KP final results (Preedman et al., 2001), and significantly smaller than the total errors
of EPM distance can have.
3. Comparison of the Two Distances: The EPM distance and Cepheid distance to NGC
1637 are given in previous two sub-sections, and can be readily compared. The result of the
comparison shows that the Cepheid distance is greater than the EPM distance:
Dcepheid ~ 1-44 DePM
Hence, which distance is likely to be more accurate? Given that the Cepheid distance has only
10% of error, and compared to the error of EPM distance, which can be as large as 60%, the
Cepheid distance is seems to be more accurate and to be the true distance to NGC 1637.
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Further evidence to support the Cepheid distance is likely to be correct is fro. the literature
search of other independent distance measurements to this galaxy. There are four distance
indicators favor the longer distance regime (D > lOMpc), include (see Leonard et al. 2003 for
details): I^^lly-Fisher, Inner Ring Structure, Spectral-Fitting Expanding Atmosphere Method
& Standard Candle Method for SN II-P. In contrast, only one distance indicator, the Brightest
Red-Supergiant, favors the short distance regime (D < lOMpc).
Given that the Cepheid distance ha. much smaller error than EPM distance, and there are more
evidences favor the longer distance regime, the Cepheid distance is likely to be the accurate
distance to NGC 1637.
A.3 Conclusion Sz Discussion
Using EPM to derive distance to Type-II SN is still an emerging method, because it has total
uncertainty of
-60% due to the theoretical uncertainty of the dilution factor. In contrast, using
Cepheids to derive the distance to their host galaxy is a well-developed method, and only ha.
uncertainty at the 10% (or less) level. The discovery of SN 1999em in NGC 1637 allowed the first
direct comparison between the EPM distance and the Cepheid distance. From this study, it is found
that: The Cepheid distance is U% greater than the EPM distance, and the Cepheid is likely to be
more accurate.
If the Cepheid distance to NGC 1637 is correct, then what does it implies to Hubble constant? In
Hamuy (2001) study, the EPM Hubble diagram of 9 Type-II SN yielded Hq = l\±9kms-^Mpc-\
However, if this EPM Hubble diagram is re-calibrated using the Cepheid distance of NGC 1637, the
resulted Hubble constant becomes: //q = 49 ± 6 ± nkms-^Mpc-\ The smaller value of Hubble
constant is expected because the Cepheid distance is larger than EPM distance, resulting a smaller
Hubble constant. The large systematic error is also resulted from the calibration with only one
calibrator.
Certainly, the results of larger Cepheid distance or smaller Hubble Constance are based on one
comparison of the two distance indicators to NGC 1637, and clearly more similar comparisons are
needed in the future to have final conclusion of the offsets between Cepheid and EPM distance and
the resulted Hubble constant.
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APPENDIX B
THE FOURIER INTRARELATIONS
The technique of Fourier interrelations, as described in Chapter 2.3, are the hnear relations
between the Fourier pararx^eters in equation (2.2) in different wavebands. Similarly, there exist
another group of linear relations between the Fourier parameters in the same waveband, known as
the Fourier intrarelations. The reason for developing the Fourier intrarelations is same a. in Fourier
interrelation, mainly to reconstruct the I-band light curves that only contain 4 epochs a. observed
by HST. Therefore, the Fourier intrarelations are the linear relation between the order Fourier
parameter and the higher order Fourier parameters in one particular waveband, since 4 data points
only permit the order Fourier expansion. The Fourier intrarelations have the following expression
for either V or I bands:
Aj = aj+bjAi, j = 2,...4 (B.l)
<Pj = Cj + dj(j)i, j = 2,..A (B.2)
As in the case of Fourier interrelations, the coefficients are determined from the "calibration
set" Cepheids (see Chapter 2.2). The resuhs of the fits to the data with equation (B.l) & (B.2)
are presented in Table B.l, which only listed out the and 4"' order Fourier intrarelations. The
2"<^ order Fourier intrarelations were omitted because for sparse, 12 epoch V-band data, we can fit
the data with 2"'' order Fourier expansion and expand to A'^ order with Fourier intrarelations to
reconstruct V-band light curves. Then we can use the Fourier interrelations to reconstruct the I-band
light curves from the V-band light curves. The plots for the Fourier intrarelations in "calibrating set"
Cepheids are presented in Figure B.l (a) k B.l(b) for Fourier amplitudes and phases, respectively.
From these figures, though a relation clearly exists, it may not be linear though we show the best
fit linear relation. In the plots of ^3 against Ai for both V- and I-band, there are some stars which
lie well below the best fit linear relation. The A4, verses Ai plots also show some evidence of a
non-linearity. Since the error bars have been plotted on these diagrams, the trends described here
are real. This non-linearity may due to differences in long and short period Cepheids.
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(B.2). parameter is^Te a.^^tabte 2 2
'°™^'">'"''"6 "> in equation (B.l) t
Relation a 6
AsiV)
A4{V)
Azil)
A,{I)
-0.043 ± 0.002
-0.021 ±0.002
-0.025 ± 0.002
-0.014 ±0.002
0.281 ±0.006
0.139 ±0.006
0.275 ±0.010
0.145 ±0.010
Q7 V
2.97 X 10^
2.77 X 102
1.98 X 10^
Relation c d
MV)
MV)
MI)
MI)
2.544 ± 0.020
0.202 ± 0.034
3.122 ±0.027
0.887 ± 0.044
3.017 ±0.008
4.061 ±0.013
3.043 ±0.011
4.122 ±0.020
2.42 X 10^
1.40 X 10^
1.72 X 10^
9.02 X 10^
The Fourier intrarelations in OGLE LMC Cepheids have also been found, and presented in Ngeow
et al. (2003). The possible non-linearity of the Fourier intrarelations that seem on the "calibrating
set" Cepheids also show up in the plots of OGLE LMC intrarelations, a. some stars which lie below
the best Ht linear regression and the indications of non-linearity in the A, vs. A, plots. Furthermore,
the slope of the best fit line increases from the "calibrating set" Cepheids to the LMC Cepheids. The
difference in slope between "calibrating set" and LMC Cepheids found in the intrarelations plots is
real and is probably attributable to the metallicity differences. Due to the possible of non-linearity
and metallicity dependence on the parent galaxy, the Fourier intrarelations are less preferable than
the Fourier interrelations (Chapter 2.3) for reconstructing the I-band light curves with only few data
points available.
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(a) Fourier Amplitudes (b) Fourier Phases
Figure B.l -The intrarelations among the Fourier ampHtudes and Fourier phases in the "calibrating
set" Cepheids. The dashed Hnes are the best-fit straight hnes to the data.
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